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ABSTRACT 


Fourteen nuclear bands of unknown origin in the spectra of comets situated between 
d 3987 and A 4109 have been investigated in detail. Data compiled from determinations 
of the wave-lengths of these bands in twelve comets with slit-spectrographs have been 
used for this purpose. The wave-lengths correspond to those obtained in the labora- 
tory by C. W. Raffety for the spectrum of the presumably CH molecule. The agreement 
is not complete. Neither the 'II—‘IT carbon system nor the cyanogen tail bands can be 
identified with the cometary bands. 

The variation in brightness of the bands, depending on the heliocentric distance of the 
comet, shows that they form at least two systems. The intensity-curves fall between 
that of the CH band Xd 4314 and the CN band J 3883. 

It is shown that the edges of eleven bands can be represented tolerably well by the 
formula v= 24,335+71.0 n—o.1n?. Assuming the final state of the molecule that of the 
violet and red cyanogen systems the formula becomes 


v= 24,328-+(21 26.60’ — 13.8502) — (2055.60"’— 12.750") . 


This formula gives a good representation of six more bands in the region where there are 
no other nuclear bands within several hundred angstroms. It is suggested that the CV 
molecule may be the carrier of these bands. 
The remaining unidentified cometary bands are probably due to the CH molecule. 
Celestial sources having carbon and cyanogen spectra have been compared with 
comets. The bands in question appear to be typical for comets. 


The character of the cometary spectrum depends somewhat on the 
heliocentric distance r of the comet. Between the limits r=o.5 and 
r=1.5 astronomical units, where the majority of comets are ob- 
served, the Swan and the cyanogen bands are very prominent. 
They are very bright in comparison with the continuous spectrum 
of the comet and extend far from the nucleus, usually covering the 
whole coma. The next prominent system of cometary emission 
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bands is variously designated by CH,, C+H, Raffety, hydrocarbon 
bands, etc. Its brightest members are situated in the region between 
d 4000 and \ 4100. They are usually far less intense than the neigh- 
boring cyanogen band A 3883. It is a nuclear band system, that is, 
its bands are very short, sometimes like stellar points on the objec- 
tive-prism spectrograms. These bands were first observed in the 
laboratory by C. W. Raffety., Miss A. E. Glancy? was the first 
to mention them as possibly occurring in the spectra of comets. In 
the laboratory Raffety obtained another system of bands situated 
in the same region and previously discovered by H. Deslandres and 
D’Azambuja.2 Recent investigations‘ on the structure of the Des- 
landres-D’Azambuja bands seem to establish the fact that the car- 
rier of these bands is the molecule C., which is also responsible for 
the Swan spectrum. This identification is of astrophysical interest 
as the Swan spectrum occurs in many celestial sources. 

It has been suggested’ that the unidentified cometary bands in 
the region between \ 4000 and \ 4100 may belong either to the 
Deslandres-D’Azambuja system or else to the so-called cyanogen 
tail system. However, the data on the spectra of comets are so 
fragmentary that the identification of the bands in question cannot 
be undertaken without a thorough revision of the existing observa- 
tional material. 

The difficulties involved in the measurement of cometary spectra 
are well known. The chief obstacle is the presence of the solar ab- 
sorption lines in the continuous spectrum of the nucleus. A portion 
of the spectrum between two solar lines appears on the small disper- 
sion spectrograms like an emission line or band. The wide slit ordi- 
narily used in cometary spectroscopy introduces the blurring of de- 
tails. In most cases the bands, which are presumably cometary 
Raffety bands, are described as lines. This confusion of terms, 
however, is of little importance in assuming them actually to be 
bands. Even strong Swan and cyanogen bands look on most come- 

* Philosophical Magazine, 32, 555, 1916. 

2 Astrophysical Journal, 49, 196, 1919. 

3 Comptes rendus, 140, 917, 1905. 

4H. Kopfermann and H. Schweizer, Zeitschrift fiir Physik, 61, 87, 1930; G. H. Dieke 
and W. Lochte-Holtgreven, zbid., 62, 767, 1930. 


sR. C. Johnson, Nature, 125, 89, 1930; Monthly Notices of the Royal Astronomical 
Society, 87, 625, 1927. 
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tary spectrograms like lines. This is due partly to small dispersion, 
partly to peculiarities in the structure of cometary bands (restric- 
tion of rotational quantum transitions). Moreover, on good spec- 
trograms of Halley’s and Brooks’s comets it is possible to see that 
most Raffety bands are degraded toward the violet, as the cyanogen 
and Swan bands. 

The information on the cometary Raffety bands is not scarce but 
is distributed among various publications sometimes not readily ac- 
cessible. The purpose of this paper is to systematize all the avail- 
able astrophysical data bearing on the question. Particularly im- 
portant would be the settling of the question of the identification 
of the cometary bands. It will be seen that wave-lengths of various 
bands observed in comets are far less discordant than might be 
anticipated, taking into account the difficulties of measurement. 
Consequently, they supply a definite answer as to the identity of the 
cometary bands with the Raffety laboratory system. 

Fourteen comets whose spectra were obtained with slit spectro- 
graphs were used in this investigation. The list of comets is given 
herewith. 





No. Comet Name Authority Reference 

oe 1893 II | Rordame W. W. Campbell | Pub. A.S.P., 5, 145, 1893 
Oe 1894 II | Gale W. W. Campbell A.J., 14, 111, 1894 

oe 1899 I Swift W. H. Wright Ap.J., 10, 173, 1899 

A 1903 IV | Borrelly H. Deslandres | C.R., 137, 393, 1903 

4 1907 IV _| Daniel W. W. Campbell Lick Obs. Bull., 5, 31, 1907 
6.. BOGE!) he oe ee al N. T. Bobrovnikoff} Unpublished 

7....| 191011 | Halley N. T. Bobrovnikoff| Lick Obs. Pub. (in print) 
S... .-. | torr v Brooks W. H. Wright Lick Obs. Bull., 7, 8, 1912 
9....]| 1914 V Delavan Curtiss and Mc- Univ. of Mich. Pub., 3, 264, 1923 

| Laughlin 
10...«.] 20EGI Zlatinsky | V. M. Slipher Lowell Obs. Bull., 2, 67, 1914 
1z....| 1915 II | Mellish | V. M. Slipher Ibid., p. 151, 1916 
12....{ 1919 III} Brorsen V. M. Slipher Pub. A.S.P., 31, 303, 1919 
13....| 1911 IV | Beliavsky | N. T. Bobrovnikoff, Unpublished 
14....}| 1908 III | Morehouse | Campbell and Al- | Lick Obs. Bull., 5, 58, 1908 
| brecht 


In comet Beliavsky the Raffety bands were exceedingly faint and 
could not be measured. In Morehouse’s comet they were absent al- 
together." 

«F, Baldet (Théses: Sur la constitution des cométes, p. 27, 1926) mentions an image of 


the head with traces of the tail on the objective-prism spectrograms between d 4023 
and \ 4068, of intensity 3(CN \ 3883=10). This may have been the Raffety bands. 
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The first question to be answered is whether all the bands in this 
region belong to the same system. If so, they should show the same 
variation in intensity with the heliocentric distance. 

The photographic intensities of the brighter bands are given in 
Table I. The cyanogen head \ 3883 was assumed to be of intensity 
10. In cases when the observer did not give the intensities they were 
calibrated from the verbal description and with the aid of reproduc- 


TABLE I 


INTENSITIES OF COMETARY BANDS 


Comet r ei 4003 | 4014 | 4020 | 4042 | 4052 | 4067 | 4074 | 4086 | 4100 | 4109 | 4314 
Beliavsky........ | ee ee oo] oO I Ol! sOcheve athens 2 
oot ty I I I I 2 I I I I I 4 
Brorsen......... 49 I 2 3 2 2 3 As 3 
BIOOKS <.56000505. 49 2 2 2 3 3 2 3 I I I 4 
Daniel....... 59| 2 4 4 4 5 6 3 3 I I I 
LO ae 59] 1 I 2 2 4 3 2 Bons Mice Satake ° 
RIAMEY 65 .s' CS a ee en? a 2 I ee 3 
PAAMCY: nw ck ese 1631 I I I 2 3 I I Eh omahs ea eteees 
Berrelly...... sce. .67| 1 I 2 2 3 7 rie Siegen ee 7 Re ee 
Zlatinsky....... Dy fe) a 2 2 2 3 4 2 3 I I 2 6 
Rordame....... .| .69] 1 af es = 5 it ee ae 5 8 
BROOKS... 565.5...) 72} 2 I 3 3 3 4 2 2 I I I 6 
PRMAUON  . oyerdsc eal abe. « (2)| (2)} (2)} (5)} (z)} (3) (7) 
OS eee 0.91] 4 3 6 7 Gr) TOs). «6 O6t ok bass. 4 
Halley. . evan ee, Cz 3 3 4 5 I I 
Halley... 5... 1.08} 1 I 5 5 5 5 2 3 I 2 
RSMAS snes ies OR). GS 6 6 6 6 6 3 6 
Delavan. . | ee oe I 5 > 2 RO DEP anes eee 
MRE oer. Sioa oe rT] 3 6 6 6 8 5 3 6 
Mellish.......... r<e7) 4 5 5 6 8 5 6 3 


tions. The most abundant data are those for Halley’s comet. The 
intensities in this case were estimated by the writer during the 
measurement of the spectrograms. The comets are arranged ac- 
cording to their heliocentric distance r at the time of observation. 
The last twelve columns give the intensities of bands whose wave- 
lengths are indicated in the first line. 

It is seen from the diagram (Fig. 1) that the brightest bands from 
4014 to \ 4074 show the same variation of intensity in reference 
to the cyanogen band X 3883. They all increase in intensity with the 
increasing heliocentric distance, giving a flat maximum in the neigh- 
borhood of r=1.2. The frequent variations in brightness may be 
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due to the change in the intensity either of the Raffety bands or else 
of the cyanogen band, \ 3883. The cyanogen bands themselves’ 
rapidly increase in intensity between r=o.3 and r=o.5, but remain 
approximately of the same intensity between r=o.5 and r=1.5, so 
that the intensity of the brighter Raffety bands in comets shows a 
somewhat greater dependence on the heliocentric distance as com- 
pared with the cyanogen bands. This is in accordance with the re- 
sults of Frank S. Hogg, who studied cyanogen band \ 3883 and 
Raffety \ 4109. This may mean that the carrier of the Raffety 
bands is less stable than the molecule of CN. 

For the fainter bands the data are more fragmentary. It appears 
that on both sides of the bright group AX 4014-4074 the dependence 
on the heliocentric distance as compared with the cyanogen band 
d 3883 is less pronounced. 

_Under the laboratory conditions the Raffety bands seem to be 
associated? with the hydrocarbon band at \ 4314. This band falls 
in the region of the Fraunhofer line G, and its intensity is difficult to 
estimate. From the available data it appears that this hydrocarbon 
band in comets shows approximately the same variation of intensity 
as the brighter Raffety bands (Table I and Fig. 1). 

The association of the Raffety bands with the CH band in comets 
is probably not close. Comet Delavan did not show the CH band 
although the Raffety bands were strong. Still more striking contrast 
between the behavior of these two sytems is afforded by comets 
Zlatinsky and Mellish. In the former the CH band was very strong 
and the Raffety system weak as compared with the CN  X 3883. 
The latter had just the opposite. 

The wave-lengths in angstroms are given in Table II. The weights 
for the comets were assigned in accordance with the number of spec- 
trograms taken, quality of spectrograms, etc. For the wave-lengths 
of Raffety bands the mean of Rafiety’s three measurements was 
taken. The wave-lengths of cometary radiations obtained by Baldet 
from a large number of objective-prism spectrograms are also given. 
They are in good agreement with the mean from the slit spectro- 
grams. The wave-lengths in parentheses were not used in forming 

*F. S. Hogg, Journal of the Royal Astronomical Society of Canada, 23, 55, 1929. 

2C. W. Raffety, loc. cit.; F. Baldet, op. cit., p. 103. 
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the mean. They are clearly blends of the band with the following 
one. In most cases the authors suspected a duplicity of the bands 
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F'1c. 1.—Photographic intensities of Raffety bands in reference to CN \ 3883. Each 
division of the ordinate corresponds to intensity 10 (=assumed intensity of \ 3883). 
Abscissa represents the heliocentric distance. 


in question. The wave-lengths were used as they were given by the 
authors, although in a few cases (with low weight) it was not clear 
from the text whether the correction for the Doppler effect had been 


applied. 
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The last column of Table II contains the wave-lengths of the 
cometary band at \ 4314.0. This is undoubtedly the hydrocarbon 
band \ 4300, which gives a strong head at \ 4314.3. In the deriva- 
tion of the mean the wave-length \ 4313.1 as observed in comet 
Beliavsky (weight 1) was included. 

In addition to the fifteen bands listed in Table II a few more 
faint bands were observed between Xd 3988 and A 3883. Thus bands 
AA 3975, 3963, and 3952 were observed in comets Brooks and Halley. 
Baldet’s list includes also the following nuclear lines which may be 
connected with the Raffety system: AXA 3910.9, 3968.4, 4124.5, 4230, 
4238, 4255.8, 4264.2, 4291.7, 4301.4, 4304.2, 4320, 4335, 4350, 4412, 
4430, 4440, 4477, 4724.2, 4840.4, 4928.5, 6300. 

The agreement between the cometary radiations and Raffety 
bands as observed in the laboratory is satisfactory, taking into ac- 
count the difficulty of measurement. Too small wave-lengths in 
comets for the bands A 4039.3 and A 4052.1 may be explained by 
blends with the Raffety bands \ 4037.3 and X 4047.5. The outstand- 
ing difficulty is presented by one of the brightest bands, \ 4042.4, 
which is 1.1 A too small. The measurements are numerous and in 
good agreement, so that the discrepancy seems to be real. It is also 
impossible to explain by accidental departure the large wave-length 
of \ 4099.6 as compared with the laboratory \ 4095.0. In this case 
the objective-prism wave-length is exactly the same as from the 
slit spectrograms. 

It is difficult to account for the absence of the Raffety band 
d 4025.2 from the cometary spectrum.’ Its wave-length in the lab- 
oratory is given by Baldet as \ 4026.5, and its intensity in the 
Mecker burner approaches that of the brightest cometary band of 
this system, \ 4052. The objective-prism spectrograms also have no 
trace of a band near \ 4025. The nearest bands on both sides are 
4020.0 and \ 4031.5. The latter is evidently the Raffety band 
A 4031.5. 

There are several more bands to the violet of \ 4031 which have 
no counterpart in the Raffety laboratory system. This may be ex- 
plained by the faintness of the Raffety bands in the. Mecker burner. 
They were observed by Raffety as merely traces while the CH band 


™ Only one comet (Borrelly) had a band at \ 4027.1. 
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at \ 4314 was very bright. It was at least ten times as bright as the 
brightest Raffety band at \ 4052. In comets, on the other hand, the 
Raffety bands are very strong, sometimes even stronger than the 
CH band (Table I). This, of course, implies a different way of ex- 
citation of the cometary bands if indeed they belong to the same 
molecule CH. 

The new carbon system, or Deslandres-D’Azambuja bands, were 
produced by the discoverers in a condensed discharge through CO 
or CO,. Raffety observed them in the spark through alcohol. Dieke 
and Lochte-Holtgreven produced them by condensed discharge 
through acetylene. Kopfermann and Schweizer obtained these bands 
in a carbon arc. In all cases they were found to be associated with 
the ordinary Swan bands. The new system is due to the electronic 
transition 'II—"II of the carbon molecule, while the Swan bands belong 
to the *II-II transition. According to Kopfermann and Schweizer, 
the lower electronic level of the "IIIT system is only one volt 
above the lower level of the *II--II system, so that their upper levels 
should be approximately two volts apart.’ This fact accounts for the 
occurrence of the new system together with the Swan bands, and 
also for the greater brightness of the Swan bands. 

We may, therefore, look for the new carbon system in comets. 
The bands, as given by Dieke and Lochte-Holtgreven, have the 
usual “parabolic” distribution of brightness. The brightest (0, 0) 
head is at \ 3852.1; that is, it nearly coincides with the (3, 3) head 
(A 3854.7) of the violet cyanogen system. The cyanogen bands in 
comets decrease in intensity very rapidly. Only two first members 
of the sequence v’’-v’ =o are usually observed, so that if the (0, 0) 
band of the new carbon system were present it would give an easily 
detectable head. However, none of the fourteen comets considered 
in this paper gave any indication of its existence. On the photom- 
eter tracings of the spectrum of Halley’s comet (April 24, 1910), 
che (2, 2) and (3, 3) cyanogen bands were represented by very slight 
elevations corresponding to intensities of 1~—2 if the intensity of the 
(o, o) cyanogen band is taken as 100. The intensity of the brighter 
cometary Raffety bands would be 20-30 on the same scale. It is 


* We have for the Swan bands v= 19374 cm-", and for the new system v= 25969 
cm-', the difference being 6595 cm-—", or 0.8 volts. 
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clear that the (0, 0) band of the 'IIII carbon system contributes 
very little or nothing to the brightness of the (3, 3) cyanogen band. 
But this, perhaps, is not a fair test, as the ordinary glass transmits 
little light to the shorter wave-lengths of the cyanogen band X 3883. 
There is also no doubt that in the cometary Swan system the inten- 
sities of the individual bands are shifted toward the violet, that is, 
toward the higher vibrational transitions, as compared with the 
laboratory, so that the (0, o) band of the new carbon system may 
well be too weak for detection in comets. 

The next brightest band in the 'IIII carbon system is (1, 0) 
4102.3. It has not been measured in comets as an individual band. 
The proximity of the solar H; \ 4101.9 would tend to diminish 
considerably the brightness of the carbon emission band. On the 
other hand, the wave-length of Raffety band \ 4095.0 (measured by 
Baldet at the same wave-length) is impossible to reconcile with the 
wave-length \ 4099.6 observed in comets. It would seem that the 
cometary band A 4099.6 is a blend of the Raffety band \ 4095.0 and 
carbon A 4102.3. This cometary band is very faint as compared with 
the rest of the bands in this region, so that if the carbon band is 
present it must be very weak. 

The next band of the new carbon system (2, 1) \ 4062.2 is too 
far from the cometary \ 4067.2 to have any connection with it. 
The Raffety band \ 4065.6 (measured by Baldet at \ 4067.1) is much 
nearer. 

The faint band (3, 2) \ 4026.9 of the new system cannot be identi- 
fied with any of the cometary bands. In view of this it is improbable 
that the higher transitions of the +1 sequence would occur in com- 
ets. As a trial, applying Kopfermann and Schweizer’s formula for 
the edges of the bands, 


v= 25,952+(1789.140 — 23.00 ?— 4.1603) — (1594.80 — 12.70’) , 


we obtain the following wave-lengths: (5, 4) \ 4028; (6, 5) \ 4049; 
(7, 6) X 4094; (8, 7) X 4170. The nearest unidentified cometary radi- 
ations are at AA 4031, 4052, 4100, and 4185; that is, there is no satis- 
factory correspondence. 

It appears, therefore, that the new carbon system if present at all 
in comets must be extremely weak in comparison with the Raffety 
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and other bands in comets. This is surprising in view of the great 
intensity of the Swan bands in comets and small difference in the 
electronic level of both systems. 

R. C. Johnson suggested the possible identification of the come- 
tary bands with the cyanogen “‘tail bands.” These are situated on 
both sides of the (0, o) sequence of cyanogen and are due’ to higher 
vibrational transitions of the CV molecule. They begin in sequence 
o at (10, 10) while the main bands end at transition (3, 3). The 
brightest band (10, 10) is at \ 3894.1 (null line), and is one-fourth 
of the intensity of the main cyanogen band \ 3883 (in active nitro- 
gen). It should therefore be readily measurable in the cometary 
spectra. It appears to be entirely absent in comets. Next in bright- 
ness bands (11, 11) A 3920.8 (null line); (12, 12) \ 3944.6 (head); 
(13, 13) 3984.7 (head); (14, 14) X 4029.3 (head); and (15, 15) 
\ 4078.7 (head) cannot be satisfactorily ascribed to any radiations 
in comets, although some of them fall within several angstroms of 
the observed bands. The absence of the brightest band from the 
spectra of comets seems to be proof of the real absence of the cyano- 
gen tail bands in comets. 

The presence of the cometary bands at AA 3987, 3993, 4003, 4014, 
4020, is disconcerting in view of the fact that the Raffety band \ 4025 
is absent, being presumably too faint in comets. The members of 
this system farther to the violet should be still fainter. Hogg identi- 
fied the above-mentioned bands with the secondary maxima in the 
continuous solar spectrum at AXA 3988, 3993, 4003, 4013, 4019. It is 
difficult to accept this identification. All these bands show a similar 
dependence on the heliocentric distance as the brighter Raffety 
bands (Fig. 1). If they were features of the reflected solar light, 
such dependence would be incomprehensible. We should expect just 
the opposite to what is the case, namely, a rapid decrease in bright- 
ness of these pseudo-bands with the increasing heliocentric distance. 
Furthermore, the objective-prism spectrograms give practically the 
same wave-lengths for these bands which appear as well-defined 
points on the nuclear line, sometimes? as bright as the Raffety band 

tF, A. Jenkins, Physical Review, 31, 539, 1928. 


2 See, for instance, the reproduction of the spectrum of Halley’s comet in A stro- 
physical Journal, 66, Plate V, 1927. 
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\ 4052. Moreover, their frequencies show numerical relationships 
with the rest of the bands. There is little doubt that they are true 
cometary radiations. 

By examining the differences in y,4- of the bands it was found 
that at least eleven bands gave an approximately constant differ- 
ence Avy=71, so that their edges could be represented tolerably well 
by the Deslandres formula 


v=at+bu+cr’ , 


with a= 24,335, b=71, c= —0.1, m varying from o to 10. This can- 
not be a Deslandres n’ progression as in this case we have to assume 
w,=71. In this case, however, we would have an impossibly large 
moment of inertia for the molecule. It is evident that Av = 71 should 


/ I 


be equal to w,-wi’ and that wix’—wi’x’’ should be as small as 0.1 cm™. 
Among the familiar molecules abundant in comets only cyanogen 
and CH meet the requirements. We have" the two known cyanogen 


systems: 
Violet v= 25797.8+ (2143.9v’ — 20.250?) — (2055.60"’— 13.750") , 


14,430 | 4 
14,374 ) 


Red y= (1728.5v’ — 13.57) — (2055.60 — 13.750" 2) . 
Both systems have the same final level 72, which is probably the 
normal state of the molecule. In the violet system w,-w,’ = 88 cm~* 
and w%, x’-w,’ x’ =6.5 cm~'. In the red sytem the same differences are 
227 cm~' and —o.25 cm~'. Both systems are present in great inten- 
sity in the spectra of comets. As the cometary spectrum is prob- 
ably of a fluorescent origin we should expect the lower level to be the 
normal state of the molecule. Therefore, the only permissible ar- 
rangement is that of the electronic level and of the upper level. After 
several trials the following formula was adopted: 


v= 24,335+ (2126.6 — 13.85v’2) — (2055.60 — 13.750") , 


which represents the observations as shown in Table III. 
It is clear that the cometary bands can be better represented by 
v, = 24,328, so that there is a systematic difference in the frequency 
t All data relating to the molecular constants were taken from R. T.Birge, [nterna- 
tional Critical Tables, 5, 409, 1929. 
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between the laboratory and cometary bands amounting to 7 cm™~' 
(1.1 A). This is probably due to the wide slit with which the come- 
tary spectrograms are usually taken. 

The agreement between the calculated and observed values may 
be considered satisfactory as both laboratory and cometary wave- 
lengths are not precise.’ The cometary band \ 4099.6 probably does 
not belong to this sequence. 

If Table III represents the zero sequence of the hypothetical new 
system, the test of the hypothesis would be the appearance of other 


TABLE III 


COMPUTED AND OBSERVED FREQUENCIES OF THE RAFFETY BANDS 





| | | | Ay 
| | | | | 
‘i | Las \ CoMETS v LAB. | » Comets | vCatc. | | ¥ pane 
| | | Lab. —Cale. | —- 
| | alc. 
° 4107.4 4109.1 | 24,340 24,329 24,340 | o | -II 
I 4095.0 | (4099.6)} 24,413 | (24,386)| 24,411 | + 2 | (—25 
Bin cine es 4085.8 | 24,476 24,467 | 24,4827 | — 6 | —2z5 
5 Oar 4074.4 | 4074.2 | 24,537 | 24,538] 24,552] —15 —=34 
} “4680e eis u cae | 24,626 pass: 24,622 ee SE Poe roy 
5 AOAF ES bs 6-6 -crsiai.s | 24,700 a 24. CE) ie Betieteces 
6 4037.3 4039.3 | 24,702 | 24,750} 24,762 | ° —~“29 
So Poca al Ge | 24,837 |. ee ee ae CeO 
Bs rccg eidite wrstereonees rt oS eee 24,904 FE GOB «6-0: ..-| #2 
A REMEM S| jee es eRe | 4002.9 |.. eck 24038 De i eae | + 4 
ME. sss iiiniecd ancy tna a Sd as 5 25,035 BS ORIN as: oem as  ==og 


sequences in the nuclear spectrum of comets. Table IV shows the 
results (assuming », = 24,328 cm~'). 

In Table IV the data for the comets were taken from Baldet’s 
work. The correspondence is not very close, yet taking into account 
the difficulty of measurement on the objective-prism spectrograms 
it can hardly be called accidental. Especially convincing is the fact 
that in the range of 2821 cm~' (= 274 A) there are only four nuclear 
bands and all of them correspond to the +1 sequence within several 
angstroms. The same applies to the (2, o) band. There is only one 
nuclear band within the range of 4787 cm~', and this falls within 12 
cm~ of the (2,0) band. The bands (3, 0) and (4, o) fall in the region 

‘For the first band Raffety’s individual measurements are A 4106.7 and A 4108. 


Baldet gives for the same band A 4110. It should also be remembered that the measure- 
ments refer to the heads, whereas the constants in the formulae refer to the origins. 
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of the Swan bands and cannot be easily observed. The band (0, 1) 
is too far to the violet to be observed in comets. 

It appears, therefore, that the majority of the Raffety bands may 
belong to a cyanogen system. This not only explains the appearance 
in comets of the bands AA 4014.3, 4002.9, 3993.3 due to transitions 
with the higher quantum numbers, but also accounts for the several 
bands in the less refrangible part of the spectrum. We know that 
the red cyanogen system has two very close electronic levels ?7; 
This argument is not applicable to the new system as the con- 
stants in the term with v’ differ considerably from those in the 
violet system. The distribution of intensity among the vibrational 

TABLE IV 


FURTHER SEQUENCES OF THE RAFFETY BANDS 


vv” v Cale. | Comets | Ao-c | Comets 
ee I SOME Joi cmecnmeghetiees odes | b aes urbance ae os ahh ae dab'e 
Serer re fe) 22,280 . : =, 
— : 22, 384f oa oll (i Probably blend, \ 4477 
ee 2 22,483 22,5160 | +33 | \ 4440 
Bi se 6.9 0a 3 29.,.56t «b>. 225507 —14 | A4430 
Re nia Se ie ho 00 4 22,680 22,659 — 21 A 4412 
Be erciMisre Sau ly hiss ° 20,272 20,284 +12 A 4928.5 
| ee ° 18, 285 18,276 —g_ | Swan (5,4) 
een eee O. 


16,326 16,330 + 4 | Swan (3,1) 
quantum numbers in the new system also differs from that in the 
violet cyanogen system. Instead of the usual parabola in the v’, 0” 
matrix we have the v’’—v’ =o sequence of the maximum brightness. 
This of course may mean a very narrow parabola. However, as the 
lower vibrational level was assumed to be that of the CN molecule, 
this analysis perhaps should be regarded as a suggestion rather than 
a definite identification. 

The remaining unidentified cometary bands in the region between 
\ 3987 and d 4126 are as shown in Table V. 

The last wave-length was taken from Baldet’s list. The differ- 
ences do not reveal much regularity except for the occurrence Av = 50 
or 51. These bands cannot be a progression, so that Av should ap- 
proximately represent the difference wj-w,’. These bands, among 
which are the brightest cometary bands of the whole group, AX 4052.1 
and 4042.4, may be connected with the CH system (w,-w;’ = 54 and 
36). In that case the laboratory production of the Raffety bands 
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along with the CH bands \ 4314 would be explained. Lack of data 
for the CH bands prevents a more detailed analysis. 

The existence of two systems in the Raffety bands, one associated 
with CN and the other with CH, would explain the variation in their 
intensity which follows a middle path between the CN and CH 
systems. Further laboratory data are needed for a complete identi- 
fication. For the present we must be content with the establish- 
ment of some relationships between the cometary and laboratory 
bands. 

The Raffety bands, taken as a whole, are brighter at larger helio- 
centric distances and are usually present in comets at r=o.5. They 


TABLE V 
r | v Ap 

MOON ei avh a aca, | 25,074 ‘ie 
BODO Os, cioa obi 9 Se ws | 24,869 | pi 
AAD rg ik ce -.-| 24,798 | 48 
BOT BEE oo 5s as Slalatess | 24,7590 
pT AY an rere ee 24,731 <9 
ABD av deeeke se Sok | 24,672 | 286 
PO CR a er 24,386 | aie 
MNS fo aca aii vices 24,235 | 2 


are ordinarily considerably fainter than the cyanogen band X 3883: 
A striking exception to this rule was the periodic comet Pons- 
Winnecke in 1927 (r=1.0). The Raffety bands were considerably 
brighter than the cyanogen \ 3883. On the other hand, comet 
Morehouse (r =0.94) did not show any traces of the Raffety bands, 
although both cyanogen and Swan bands were intense. It seems, 
therefore, that individual characteristics of the comet come into 
play. The intensity of the Raffety system in comets follows in 
general the intensity of the CH band \ 4314. The absence of the 
Raffety bands in Morehouse’s comet can be correlated with the 
absence of the CH band. On the other hand, the extremely bright 
Raffety bands in Pons-Winnecke’s comet were not accompanied by 
bright CH bands. Under the laboratory conditions the Raffety 
bands are associated with the CH bands, but this is not the proof of 
their origin. 

It is of interest to compare other celestial sources with comets. 
The flash spectrum contains the cyanogen, Swan, and CH spectrum.’ 


«S$. A. Mitchell, Astrophysical Journal, 71, 1, 1930. 
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The cyanogen \ 3883 is of intensity 1o in the flash and ascends to 
750 km. If the Raffety bands approached in intensity the cyanogen 
bands in the chromosphere, as they do in comets, they could not be 
missed. There are numerous faint metallic lines in this region and the 
identification is impossible. The brightest Raffety band at \ 4051.6 
is probably absent. The two neighboring lines have wave-lengths 
4050.9 and 4052.1 of intensity 2 and 3. The same is true of the 
Raffety band \ 4043.5, which falls between the metallic lines 4042.9 
and 4044.0 of intensity 8 and 4. It is probable that the Raffety 
bands do not occur in the flash spectrum. The CH bands in the flash 
spectrum are faint. The laboratory wave-lengths of the Raffety 
bands are not precise enough to allow a comparison with the solar 
spectrum.’ All the bands as given by Raffety coincide almost exactly 
with the unidentified lines in the solar spectrum. However, in view 
of the number of the faint, unidentified lines in the solar spectrum 
this coincidence is probably accidental, the more so as they are not 
intensified in the spots. 

Of other cosmic sources the stars of classes R and N should be 
examined. The intermediate classes from R3 to R5 have very strong 
cyanogen, Swan, and hydrocarbon bands.? The Raffety bands, or 
any bands in the region between \ 4000 and X 4100, are completely 
absent. 

The lack of precision both of the laboratory and of cometary 
wave-lengths does not allow certain identification of the cometary 
bands with the Raffety system. The identification seems, neverthe- 
less, highly probable. It appears that the Raffety bands are more 
characteristic of comets than either cyanogen or Swan bands, as of 
all celestial sources only comets give well-defined bands apparently 
coinciding with the Raffety system. It seemed worth while to draw 
the attention of experimental physicists to the desirability of further 
work on this interesting system. 

PERKINS OBSERVATORY 
OxnI0 WESLEYAN UNIVERSITY 
December 17, 1930 


* Revision of Rowland’s “Preliminary Table.” Papers of the Mount Wilson Ob- 
servatory, 3, 1928, Carnegie Institution of Washington. 
2C. D. Shane, Lick Observatory Bulletin, No. 396, 1928. 




































PHOTOMETRIC AND SPECTROGRAPHIC ORBITS 
OF TT AURIGAE! 
By ALFRED H. JOY anv BANCROFT W. SITTERLY 
ABSTRACT 


Photometric observations of the eclipsing star TT Aurigae were made with the 
polarizing photometer at Princeton in 1910-1911 and 1915. The variable was compared 
with B.D.+309°1191. The spectrographic observations were made at Mount Wilson, 
1917-1930. 

The photometric observations and period.—Table I gives the 693 photometric obser- 
vations of the difference in magnitude between the variable and the comparison star, 
together with the weights assigned. The period used was determined from the observed 
minima. The elements are 

Min.=J.D. 2419065 .9041 H.G.M.T.+11332732E . 

The photometric orbit—The light-curve is of the 8 Lyrae type. Ellipsoidal stars and a 
reflection effect are indicated, but the evidence is against darkening at the limb. Be- 
cause the duration of secondary eclipse is less than that of primary eclipse, the circular 
uniform elements can be slightly improved by introducing an orbital eccentricity of 
0.09 with perihelion at secondary minimum. The primary eclipse is annular: 7=88°4; 
k=0.90; 7:=0.36; 72=0.32; b:=0.31; b2=0.27; V 2/sin? 1+=0.54; L1=0.66; L.=0.34; 
J:/J2=1.56; 25=0.05. 

The s pectrographic observations and orbit.—The data for 32 spectrograms are listed in 
Table IV. The type of the bright star is B3 with poor lines. The spectrum of the fainter 
star seems to be similar. The lines of interstellar calcium are strong and give a mean 
velocity of +4.3 km/sec. The elements are: e=0.0; y=+10.2 km/sec.; Ki=196.8 
km/sec.; K2= 246.1 km/sec.; a: sin i= 3,600,000 km; a2 sin i= 4,500,000 km; m, sin} i= 
6.7 ©; mz sin’ i=5.3 ©. 

Absolute dimensions.—Photometric and spectrographic results were combined to 
find the absolute dimensions: a:1++a2.= 8,100,000 km; r1= 4.5 ©}; r2=4.0 ©; b1=3.7 O; 
b2=3.3 ©; m=6.7 ©; m=5.3 O; pr=0.11 ©; p2=0.12 ©; My=—1.2 mag.; M2= 
—0.9 mag.; t=0.001. 


TT Aurigae (5"2™8, +39°27’, 1900; 8.0-9.4 mag.) is an eclipsing 
star of early type. Miss Leavitt in 1907 found it to be variable. The 
variation was confirmed by S. Enebo? and by W. Miinch,’ who sus- 
pected that the curve outside eclipse was rounded like that of 
8 Lyrae; but they failed to note the difference in depth of alternate 
minima which necessitated doubling the period. In t1910~-1911 
Joy made the observations presented in this paper. At the time 
these revealed the character of the light-curve, but the results have 
not heretofore been published. 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 419. 

2 Astronomische Nachrichten, 180, 63, 1909. 


3 [bid., 182, 125, 1909. 
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J. Balanowsky* made a series of 175 observations with the Zéllner 
photometer at Pulkowa in 1911-1913 from which he deduced orbital 
elements and the relative dimensions of the stars. Extensive photo- 
graphic observations have been carried out by C. Martin and H. C. 
Plummer (1914-1916)? and by F. C. Jordan (1914-1916 and 1922).3 
A number of observations have been reported by A. A. Nijland 
(1917—1920),4 but the individual estimates have not been published. 

I. THE PHOTOMETRIC OBSERVATIONS 

The photometric observations (Table I) were obtained at Prince- 
ton with the sliding-prism photometer attached to the 23-inch re- 
fractor. The instrument and methods employed are the same as 
those used by R. S. Dugan in his well-known work on eclipsing 
stars. Six hundred and ninety-three sets of sixteen readings each 
were made, TT Aurigae being compared with the neighboring star 
B.D.+39 1191 by bringing the stars side by side and reducing them 
to apparent equality by rotating the nicol prism. Since the com- 
parison star (8.02 mag.) is somewhat brighter than the variable at 
its brightest, all the magnitude differences have the same sign. Ac- 
cording to the Draper Catalogue the comparison star, like the vari- 
able, is of spectral type B5. Their colors seem to be very closely 
alike. 

The phases given in Table I were computed from the elements 


Min.=J.D. 2419065.9041 H.G.M.T.+14332732E , 


which were determined from a least-squares solution based on the 
times of twelve minima indicated by these observations. 


II. THE PHOTOMETRIC ORBIT 


The final photometric orbit and elements have been computed by 
Sitterly, although some preliminary solutions had previously been 
made by H. N. Russell and Joy. The observations given in Table I 


' Mitteilungen der Nikolai-Hauptsternwarte zu Pulkowa, 5, 123, 1913. 
2 Monthly Notices of the Royal Astronomical Society, 76, 395, 1916. 

3 Publications of the Allegheny Observatory, 7, 177, 1929. 

4 Astronomische Nachrichten, 211, 358, 1920. 


5 Annals of the Harvard College Observatory, 63, 156, 1913. 
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TABLE I 


PHOTOMETRIC OBSERVATIONS 
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TABLE I—Continued 
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Days | Mag 
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.3111 
3160 
3208 
3204 
3319 
.O131 
.O194 
.0250 
0320 
.0381 
.0430 
.006024 
.0687 
.0703 


a-v 
Mag. 
0.42 
ae 
44 
.28 


2 


. 20 


20 


OH HHH HHH RHR RR ee ee HO 
ey 
oe) 


39 
52 
14 

.18 

.20 
31 

- 34 

39 

39 

23 

20 | 
20 

.10 


ORF RF FH He eRe ee ee OO 


97 
88 
0.70 
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TABLE I—Continued 





H.G.M.T. Phase a-v Wt. H.G.M.T. Phase a-v Wt. 
Days Mag. Days Mag. 

goo8 . 6785 0.0819 | 0.67 4 gors5. 8861 0.6259 0.68 4 
9008 . 6847 0881 .74 3 gots .8938 .6336 .80 4 
goo . 6903 .0937 .62 3 QOT5 .9OQ7 6495 .84 4 
goog. 5074 .9708 .32 4 gor5 .g188 .6586 80 4 
goog .5729 .9703 . 34 4 QOl5 .9271 .6669 .83 4 
9009.5778 .9812 43 5 QOT5 .9375 .6773 .87 4 
goog . 5833 .9867 .39 g go1s5 .9431 .6829 81 4 
goog . 5889 .9923 .36 5 QOI5.g500 6898 .80 3 
900g . 5944 0.9978 .38 5 9046 .6972 . 7842 .49 4 
goog . 6125 1.0159 | 38 4 9046. 7090 .7960 .48 | 4 
goog .6181 1.0215 | 38 4 9046.7160 8030 44 | 4 
goog .6236 1.0270 | 35 4 go46.7292 .8162 .47 | 4 
goog .6285 1.0319 a4 4 9046. 7368 8238 e 4 
goog . 6333 1.0307 .28 2 9046. 7438 . 8308 .48 4 
g013 .5792 0.9844 .39 3 go46.7792 8662 .39 4 
gor3.5875 .9927 | -40 3 go46. 7801 8731 42 4 
9013.5931 | O 9983 32 3 9046. 7986 8856 34 4 
go13.5980 | 1.0038 | 39 3 9046. 8056 .8926 .4I 4 
go13.6069 | 1.012 | .40 3 9046. 8194 .go04 a i Ss 
g013.60139 I.O1gt | . 34 3 9046 .8257 .Q127 «4% 4.35 
go14.6347 0.7072 75 4 9047 . 5049 . 2592 .40 | 4 
gor4.6410 .7135 | +72 4 9047. 5111 . 2054 0 4 
go14.6465 | .7190 | .67 4 9047 .5181 .2724 ae 1 8 
go14.6528 | TGS | .62 4 9047 . 5243 .2786 | 44 1 4 
go14.6597 7322 | Sa 4 9047. 5319 . 2862 43 | 4 
9014.6674 | .7390 | ~~ -64 4 9047.5382 | .2925 .40 | 4 
go14.6729 | ~~ -7454 Or 4 9047 . 5597 3140 41 | 4 
9014.6799 7524 | .54 | 4 9047 . 5053 3196 | «4! | ih 
go14. 6861 .7586 | 62 4 9047.50904 | 3437 | 402 4 <2 
gor4.6944 7069 | .62 4 9047 . 5533 .3376 | .45 | 2 
gor4.6986 By jy b | 48 4 9047.5889 | - 3432 .48 2 
QO14.7042 .7797 55 + 4 9047.5031 | -3474 | -4! 2 
9014.7556 | 8281 | we ta 9047.0819 | .4362 | .48 | 3 
go14.7722 | .8447 45 4 9047.6889 | -4432 | ~~ -37 3 
Q014.7792 .8517 52 4 Q047.711I | 4654 | jm. 3 
9014.7896 | 8621 | 49 | 4 9047 .7167 .4710 42 | 3 
go14.7986 | .8711 | — -38 4 9047.7243 | -4786 | .40 | 3 
go14.8063 | .8788 | .44 4 9047.73006 | 0.4849 | 0.38 3 
go14.8320 | .gost | 49 | 4 go052.5500 | 1.3001 1.4 |. 3 
go14.8417 .QI42 | 40 1 4 9052.5503 | 1.3124 | 1.21 | 3 
9014. 8528 .9253 | -41 | 4 9052.50611 1.3172 | 1.38 | 3 
go14.8590 | -9315 | -41 4 go52.5060 | 1.3221 fe oe 
9014.8667 | .9392 | 41 | 4 9052.5722 1.3283 1.44 | 3 
go14. 8730 .9461 34 | 4 g052.6868 0.1102 | 0.72 | 4 
go14. 8896 9621 349 | 4 9052.6938 | 1172 | -57 | 4 
go14.8965 | .9690 | 39 4 g052.7007 | .1241 | .49 | 3 
gor4.9035 | -9760 | -33 4 gos2.7083 | .1317 | -43 | 3 
Q014.9132 | .9857 | 22 3 g052.7292 | 1526 | .48 | 4 
9014.9208 | 0.9933 29 | 3 gos2.7354 | -1588 | -44 | 4 
9014.9292 | 1.0017 .29 3 9052.7444 .1678 | 49 c 
go15.8514 | 0.5912 54 4 9g052.75°7 .1741 | .46 | 4 
gor5 .8590 .5988 | .60 4 9052.7570 .1804 | .§2 3 
go15. 8681 .6079 .69 4 go052.7032 | .1866 | 37 | 3 
gor5 .8792 0.6190 0.78 4 9052.7688 | 0.1922 | 0.50 | 3 





H.¢ 


.M.T. 


9052. 
9053. 
9053. 
9053. 
9053. 
9053. 
9053. 
9053 
9053 
9053 - 
9053. 
9053. 
9053. 
9053 - 
9053. 
9053. 
9053 
9053. 


9053. 
9953 - 
.6750 


9053 
9053. 
9053 
9053 
9054 
9054 


7813 
4771 
4847 
4910 
4972 
5035 
Sil! 


.5340 
5403 


5472 
5542 
5597 
5660 
5743 
5806 
6326 


.6403 


6486 
6618 
6688 


6882 


6944 


. 7007 
.5118 
. 5188 


9054.5278 
9054. 5340 
9054-5403 
9054.5458 
9054.5556 
9054. 5604 
9054. 5074 
9054.5743 
9054.6111 
9054.6174 
9054.6361 
9054-6444 
9054.6507 
9054.6569 
9054.6053 
9054.6722 
9054.6951 
9054 . 7007 
9054. 7083 
9054.7146 
9054.7208 
9054.7271 
9054.7597 
9054. 7053 
9054. 7708 
9054. 7826 
9054. 7889 
9054. 7938 


| 
| 


TABLE I—Continued 


Wt. 








Phase a—v | 
Days Mag. 
©. 2047 0.48 3 
.QOOS -45 4 
gost .53 4 
.Q144 .49 3 
.9200 -53 3 
.92609 .51 4 
-9345 50 | 4 
9574 31 | 3 
9037 go"'| 3 
.9700 30 3 
.9770 30 3 
.9831 36 3 
.9894 42 3 
0.9977 | .39 3 
1.0040 | .46 2 
1.0560 | .40 | 2 
fh a 
1.0720 2004 2 
1.0852 43 3 
I .0Q22 . 40 3 
1.0984 45 3 
r.7E70. | .43 3 
1.1178 | 56 2 
1.594T | 2 2 
0.6025 | .76 3 
.6095 | .80 3 
6185 | 86: | 3 
an ae. 
.6310 | or ih 
.6365 | 0.91 | 3 
.6463 | E.co | 4 
.651I | 0.90 4 
4581 | 1.060 4 
.6650 | 1.01 4 
.7018 | 0.81 4 
. 7081 ay, 4 
.7268 | .65 4 
-735T | 52 4 
7414 | 52 4 
-7476 | .59 4 
.7560 | .50 4 
. 7629 ee 4 
. 7858 .43 4 
-7914 | .48 4 
. 799° .56 4 
.8053 | «54 3 
8115 | .50 4 
.8178 | 51 4 
8504 | .39 | 4 
SB860-% | ho ah 
8615 -43 4 
.8733 44 4 
.8796 45 4 
0.8845 0.49 4 


gobo 
gobo 
gobo 
go6o 
gobo 
go6o 
gobo 
go6o0 
go6o 
go60 
gobo 
gobo 
gobo 
go6o 
gobo 
gobo 
gobo 
gobo 
gobo 
go6o0 
gobo 
gobo 
gobo 
gobo 
gobo 
gobo 
gobo 
go6o. 


go6o. 


go6o. 
go61 
go61 
goor 
go6ér. 
goor 
gool. 
goo1 
go6I 
go6I 
go61 
goor. 
go6r. 
go6é1. 
gool. 
goor. 
goé1. 
goor. 
go6r. 
go6ér. 
go61. 
go6ér. 
go6ér. 
goér. 
goor. 


H.G.M.T. 


.4688 
-4757 
.4840 
- 4903 
-4979 
- 5035 
.5181 
. 5230 
- 5313 
. 5382 
-5444 
-5514 
.6132 
.6201 
.62909 
.6368 
6431 
.6486 
.6688 
.6743 
.6806 
.6861 
.6931 
. 7014 
. 7236 
. 7306 
. 7389 
7458 
7556 
7639 


5854 
5917 
-5979 


6042 


. 6097 


6153 


.6292 
.6340 
. 6389 
6451 


6500 
6576 
6840 
6896 
6951 
7021 
7076 
7139 
7301 
7417 
7479 
7535 
7039 
7694 








OF ee 





Days 

. 2286 
. 2355 
. 2438 
. 2501 


co" 


- 2577 

. 2033 
.2779 
. 2834 


2011 


. 2980 
. 3042 
.3ri2 
-0403 
.0472 
.0570 
.0639 
.0702 
-0757 
.0959 
. 1014 
.1077 
5132 
.1202 
.1285 
- 1507 
-1577 
. 1660 
.1729 
. 1827 
. 1910 
.O125 


o188 


.0250 
-0313 
.0368 
.0424 
.0563 
.OOr! 
.0660 
.0722 


0771 


.0847 
-IIII 
. 1167 
.1222 
.1292 
- 1347 
.1410 
.1632 
. 1688 
.1750 
. 1806 
.IgIo 
.1965 
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TABLE I—Continued 


H.G.M.T. Phase | a@a—v | Wt. 
































|| 
H.G.M.T. | Phase | a—v | Wt. || 
} Days Mag. | || Days | Mag. | 
9061.7764 I. 2035 0.58 | 4 || 9067.5458 0.3090 | 0.969 | 4 
9061 . 7847 E.3835 .69 3 || 9067.5514 .3146 34 3 
go6I . 7903 I. 2174 .70 | 3 || 9067.5569 . 3201 455 |. 2 
9061.7965 | 1.2236 .56 3 || 9067.6347 .3979 | 44.1 § 
9062. 5528 0.6472 .87 3 || 9067.6403 4035 ye oe 
9062. 5583 .6527 -83 | 3 || 9067.6465 -4097 45 | 4 
9062. 5632 .6576 88 | 3 || 9067.6528 .4160 39 4 
9062. 5681 6625 85 3. || 9067.6583 4215 | .36 4 
go62.5729 .6673 . 86 3 || 9067.6903 -4535 | 42 4 
9062. 5785 .6729 -98 | 3 || 9067.6958 4590 35 4 
9062. 6076 . 7020 .85 | 4 || 9067.7014 .4046 44 | 4 
9062 .6139 . 7083 -72, | 4 || 9067.7097 .4729 48 | 5 
9062.6188 7852 .69 4 || 9067.7153 .4785 .50 5 
9062 .6243 . 7187 .58 4 | | 9067. 7208 .4840 83 5 
9062 . 6333 7277 -73 4 || 9067.7340 .4972 -49 5 
9062. 6389 - 7333 . 68 4 || 9067.7403 - 5035 .49 5 
9062. 6632 0.7576 59 2 || 9067.7486 5118 51 5 
9065 .6174 1.0460 -39 3 || 9067.7570 . 5202 .45 5 
9065 .6229 1.0515 42 |) 2 9067 .7625 .5257 -§2 5 
9065 .6292 1.0578 39 | 4 9067 . 7694 - 5326 53 5 
9065. 6347 1.0633 45 4 9067 .7799 5431 .53 5 
9065 .6500 1.0786 47 4 || 9g067.7889 .5521 44 5 
9065 .6556 1.0842 .40 4 || 9067.7931 .5563 47 4 
9065 .6604 1.0890 .42 4 || 9067.8049 . 5681 .50 3 
9065 .6667 1.0953 .49 4 || 9067.8146 5778 58 | 3 
9065 .6736 1.1022 .50 4 || 9067.8215 5847 ois 
go65 .6799 1.1085 .46 4 | | 9070.6979 .7956 .45 4 
9065 .6924 I.1210 .46 4 || 9070. 7028 . 8005 .48 | 4 
9065 .6972 1.1258 .49 4 || 9070.7104 8081 .48 4 
9065. 7035 1.1321 50 4 || 9070.7104 8171 47 4 
go005. 7111 1.1397 .48 4 || 9070.7257 .8234 47 4 
g065.7160 1.1446 SI 4 || 9070.7361 .8338 .49 4 
9065. 7208 1.1494 .52 4 || 9070.7472 .8449 42 5 
9065 .7299 1.1585 .46 4 || 9070.7528 8505 41 5 
9065 .7347 1.1633 ~§5 5 || 9070.7611 | .8588 .39 5 
9065. 7396 1. 1682 51 5 || 9070.7660 | .8637 .38 5 
9065.7444 | 1.1730 54 5 || 9070. 7806 | .8783 .40 5 
9065.7403 | 1.1779 | Sa 5 |} 9g070.786r | .8838 .44 5 
9065.7549 | 1.1835 | «58 5 || 9078.4694 | 5707 -5I | 3 
9065.768r | 1.1967 | -54 4 || 9078.4750 | . 5763 .58 3 
9065 .7736 1.2022 | .49 4 9078. 4806 . 5819 Sat eg 
9065. 7826 12252 .58 3 9078 .5174 .6187 «93 | 3 
9065 .7882 1.2168 .58 3 || 9078.5229 6242 | ae 
9065.7944 | 1.2230 .51 3 || 9078.5285 0.6298 A oe 
9065.7993 | 1.2279 | .55 | 3 || 9084.4736 I. 2440 64 | 3 
9067.461r | 0.2243 | 40 |} Ss 9084. 4806 1.2510 | 93 153 
9067. 4667 .2299 | 44 | § 9084. 4875 1.2579 | 71 3 
9067.4715 . 2347 | 4a 1-3 9084 .4958 1.2662 | .80 3 
9067.4764 2906 | .42 | § 9084. 5021 1.2925. | 0:08 3 
9067. 4819 . 2451 “8 15 9084. 5090 1.2794 | 1.00 3 
9067. 5194 .2826 | 41 5 9g084.5326 1.3030 | 1.14 4 
9067.5250 | .2882 | $8 3 9084. 5444 1.3148 | 1.29 5 
9067.5306 | .2938 | ~~ .38 3 9084.5500 1.3204 | 1.35 | 5 
9067.5375 | 0.3007 | 0.41 3 ¥.3200. | 13.93 5 


9084.5556 | 
| 








, 
| 
‘| 
, 
iJ 
} 
i 
a 
i 
if 


84 


go84 

9084. 
9084. 
go84. 
9084. 
go84. 
9084. 
go84. 
go84 

9084 

9084 

go84 

9084. 
9084 

gogo. 
gogo. 
gogo. 
gogo. 
gogo. 
gogo 

gogo. 
90g2. 
90g2. 
g0g2. 
gog2. 
9092. 
gog2 
g0g2. 
9092. 
90g2. 
9092. 
g0g2. 
9092. 
g0OQg2 
goOg2 
g0Og2 
gog2. 
gog6 

gog0. 
gogo. 
goog6. 
gog0. 
9090. 
gog6. 
gog0. 
go96. 
gog0d. 
gogd. 
gog0. 
gogo. 
gog0. 
gogo. 
gog0. 
go96. 


H.G.M.T. 


5011 
5074 
5792 
5854 
5951 
6007 
6083 
6140 
0417 
6479 
6542 
oles wi 
6074 
6730 
5285 
5368 
5431 
5521 
5583 
5639 
5792 
5009 
5132 
5181 
5229 
5349 


. 5389 


5405 
5521 
5576 
5032 
5729 
5785 


. 5847 
.6107 
.6222 


6278 
5050 
5118 
5181 
5264 
5320 
5390 
5500 
5550 
5011 
5074 
5771 
5840 
5979 
0035 
6118 
6181 
6389 
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TABLE I—Continued 


Phase a—v Wt. H.G.M.T. Phase a—v 
Days Mag. Days Mag. 
T.2913 1.55 5 9096 .6444 0.0876 0.63 
0.0051 1.43 5 9096 .6590 .1022 | 64 
.O169 1.36 5 g096.6646 — | .1078 | .62 
| (0231 1.29 5 9096.6708 | 1140 66 
| .0328 r.29 5 9096. 6764 .1196 .58 
0384 r. 20 5 9096. 6868 .1300 | 59 
.0460 1.07 5 9096.693r | 5303 | 57 
.0523 1.00 5 9098 . 5056 6161 81 

| -0794 ©.9g0 4 9098. 5118 6223 .78 
|  .0856 70 4 9098 . 5438 6543 | 94 
.OgI9 73 4 go098. 5500 .6605 | 0.99 
.0988 66 4 g098.5569 | .6674 | 1.05 
1051 65 4 go98.5632 = | {6737 | 6.00 
/2353 59 4 9098.5757. | .6862 .Q2 

| .6353 77 4 9098.5813 | .6918 | .86 
|  .6436 74 5 go98 . 5868 .6973 | .81 
| 6499 QI C 9098.6118 | .7223 | 70 
.6589 93 5 9098. 6181 .7286 .68 

| .6651 .97 5 9098.6243 | .7348 69 
.6707 99 4 9098 .6479 | .7584 61 
| ©.6860 .Qg2 3 9098.6535 | . 7640 59 
1.2810 0.95 4 9098 . 6597 .7702 61 
1.2873 T.03 4 9098 .6757 .7862 59 

I. 2922 I.09 4 9098 . 6826 .7931 or 
I.2970 1.06 4 9098. 6917 0.8022 0.59 

| 1.3081 1.25 5 QIOO0. 5333 1.311! I.30 
| -¥. 4920 I.31 5 Q100. 5396 1.3174 I.42 
I. 3200 1.40 5 Q100.5472 I.3250 1.46 
1.3262 a 5 Q100.5542 I. 3320 1.48 

I. 3317 1.50 5 Q100.5590 0.0040 1.47 

} o190040 | 1.50 5 QI00. 5053 .O103 1.38 
.O143 1.36 4 Q100. 5771 oaar | “2232 
| 0199 1.32 4 9100. 5833 0283 | 1.26 
| 0261 1.18 4 g100. 5896 .0346 1.18 
| .o58r | 0.95 4 g100.6181 .0631 0.96 
0036 | 85 4 Q100.6257 .0707 .78 
| 0.0692 | 76 5 9100.6444 | 0.0894 ron p 
1.2815 0.90 5 g112.5278 I. 3109 £33 
2.2877 | 2.00 5 QII2. 5333 1.3164 1.34 

| 1.2940 | 1.00 5 QII2.5444 I. 3275 1.44 
I. 3023 r.2! 5 QII2.5507 ©0.Oo1! I.42 

I. 3085 1.28 5 g112.5569 .0073 1.46 

| “E.3"55 | 1-33 5 Q112.5625 .O129 1.46 
| 1.3259 | 1.44 5 Q112.5736 | <O240. | 2.27 
| tose |  2g2 5 QII2.5792 | .02960 | 1.15 
| 0.0043 | 1.49 5 QII2.5840 | .0344 | 1.21 
.O106 | 1.40 5 Q112.5905 .0469 | I.OI1 
Jo253- | 23s 5 QI12.6028 .0532 | 1.00 
.0272 I.20 5 QI12.6097 0.0601 1.00 
.O4II 1.14 5 Q116.5222 1.3071 1.25 
.0407 Pte 5 Q110.5292 I. 314! E42 
.0550 0.96 5 g116.5382 I. 3231 1.49 
0013 .94 5 g110.5451 I. 3300 1.51 
0.0821 0.81 5 g116.5507 I. 3356 1.49 
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TABLE I—Continued 

















H.G.M.T. Phase | a—» | Wt. || HGMT. | Phase | a-» | Wt. 
Days Mag. | Days | Mag. | 

9116.5569 ©.00gI 1.40 | § 0502.5694 | 1.3129 | 1.10 Pinta 
Q120.5104 1.2971 z.10 5 osoa.s78s | 2.39940. | §.96@-[cc... 
g120. 5181 1.3048 t.27 5 0502. 5868 I. 3303 or a Pee 
Q120.5257 1.3124 3.29 5 0502. 5044 | 0.0062 | 3.26 j..... 
9120. 5333 I.3200 1.36 5 0502.6056 | -ONO@ | 2.98 fess 
Q120.5417 1.3284 1.45 5 0502.6132 | 0.0240 COO he oie 
9120.5486 | 0.0026 1.47 5 0506.5132 | 1.2585 | a a De 
Q120. 56004 .O144 1.33 5 0506. 5229 1.2682 | MPe Wass 
9120.5674 .O214 1.35 5 oso6.5319 | 2.4792 | -8F fesse. 
g120.5806 | .0346 13 5 o5060.53900 | 23.2649 | ©O:93 [.-..- 
9120. 5896 .0436 I.10 5 0506. 5618 I. 3071 | ee 
9120.5979 | 0519 0.97 5 0506.5785 | 1.3238 oe, A eee 
9120.6063 | 0.0603 .89 5 0506. 5903 0.0029 RiGee Veeexs 

J.D. 242+| 0506.5965 | .OOgI ¥igee [fon.ees 
0502.4826 | 1.2261 aa eee 0506. 6090 | Gam | 25980- f-. 2. 
0502.491I0 | 1.2345 Sy > aan Pepa 0506.6146 C0092 |) Pd, fees 
0502.4958 E2363 | «42> [ec 0507.8660 | 1.2786 | 0.82 |..... 
0502. 5014 1.2449 | ay an eae o507.8736 | 1.2862 | GjOF fe... <. 
0502.5118 | 1.2553 | sO tn vac 0507 .8806 I. 2932 EO ES nos 
0502.52306 t.207% | .O08. few nce 0507 .8882 I. 3008 $065 fSie3: 
0502.5424 1.2859 | a. 2a ene 0507 .gooo eit | 28g. fesse 
502.5500 b 204 1 °26e. fe... x 0507.9062 | 1.3188 | 1.36 |..... 
502.5590 3.9005 | 0.90 |..... oso7.gzq6 | 3.397% | 4.639% fe... 
0502.5653 1. 3088 | EO fags. 0507.9222 | 0.0021 Eae e254 


were combined into the eighty-two normals of Table II by forming 
weighted means for eight consecutive observations after arranging 
the differences a—v in order of phase. The observations of 1915 
have not been used in the solution because they are few in number 
and greatly separated in time from the others. 

The resulting light-curve (Fig. 1) shows a primary eclipse of 
depth 1.09 mag. and duration about 8", and a secondary eclipse of 
depth 0.57 mag. and apparently slightly shorter duration. The curve 
between eclipses has the pronounced arch of the 6 Lyrae type, indi- 
cating decidedly ellipsoidal stars. Near secondary it appears a little 
higher than near primary minimum, possibly the result of a reflec- 
tion effect of radiation from the brighter star upon the adjacent side 
of the fainter. 

In accordance with Russell’s method, which was used for the solu- 
tion, the differences in magnitude were reduced to intensities /, unit 
value for which was assumed to correspond to 1 when a—v=0.360 
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and represented by the expression 


l=a—s cos 0—}2 cos? 0, 





Phase | a—v | 0.—¢ | 0.-c. || as 0.-C’ 
Days Mag. Mag. | Mag } | Days Mag. Mag. Mag 
©.OOII 1.464 +o0.020 | +0.018 || 0.7586 0.555 —0.003 | +0.029 
.0080 1.402 | + .006 | + .004 || .7716 532 + .o19 | + .047 
.0148 | 1.326 | + .003 .000 || . 7843 . 489 — @03 | + .c20 
.O213 1.272 | + .017 | + .org || 7946 .488 + .o15 | + .031 
.0289 | 1.206 + .036 | + .037 || 8052 .482 | + .024 | + .030 
.0370 1.085 + .003 | + .002 | . 8161 475 + .031 | + .032 
.0466 1.024 + .029 | + .025 .8275 .440 + .002 | + .002 
.0566 | 0.947 | + .038 | + .030 .8441 .429 + .oor | + .002 
.0642 | .859 + .o1rr | + .002 .8562 .427, | + .005 | + .005 
.0758 | 773 + .004 ei .006 .8709 .408 — .004 | — 5004 
.0844 .707 — .008 | — .020 8845 .408 — .002 | — .002 
.0976 | .658 + .o10 | — .004 || .9043 402 + .005 | + .003 
.1097 | .621 + .025 | + .orIo || .9168 425 + .033 | + .033 
.1229 .548 .000 | — .oro || .9316 -399 + .o12 | + .o12 
1464 491 — .002 | — .004 |} —.9508 .373 | — .009 | — .009 
.1736 432 = 2035.1 — .O25 | .9679 352 — .028 | — .028 
. 2040 | .432 = O58 |=. .orao tl .9798 385 + .005 | + .005 
.2412 | .403 — .014 | — .O14 | .9888 385 + .006 | + .006 
.2754 | .413 + .o15 | + .o1g5 |} 0.9967 350 — .025 | — .025 
. 3004 .381 | — .006 | — .006 || 1.0106 307 + .013 | + .013 
. 3638 .303 | + .013 | + .073 1.0248 . 365 — .020 | — .020 
.4078 390 | — .OOr | — .OOr 1.0417 414 + .021 | + .0o21 
.4370 .376 | — .027 | — .027 ||. 1.0577 405 | + .003 | + .003 
. 4608 -391 | — .025 | — .025 1.0763 .403 _ 006 | — .000 
. 4808 .454 | + .025 | + .025 1.0912 .435 + .013 | + .013 
.5145 .479 | + .03r | + .033 |} 1.1081 455 + .021 | + .o21 
. 5462 . 463 | — .036 | — .o12 || 1.1215 .441 — .002 | — .002 
5746 - 539 | — .038 | — .005 || 1.1407 .496 | + .044 | + .044 
.6018 .652 | — .o18 | + .005 || 1.1684 $93 | Fh .O48 | Fr 1062 
.6184 73% | — .o10 | + .003 || 1.1871 549 | + .042 |] + .038 
.6307 .785 | — .020 | — .020 || 1.2133 .593 + .017 | + .002 
.6439 | .845 | = .O11 | — «O25 |] 1.2433 .627 — .08 | — .O97 
6518 | 899 | + .o10 | — .o1g || 1.2733 0.915 | — .o15 | — .022 
.6591 Qg22 | + .o1r | — .029 || 1.2899 1.045 — .03I | — .032 
6682 | 941 | + .031 | — .009 || 1.3003 1.185 — .003 | — .002 
6833 885 | + .031 | + .017 || 1.3059 I.240 — .013 | — .o1 
.6958 812 | -- .083 | + .OT§ || 43.3101 1.304 + .006 | + .005 
.7076 | 711 | — .034 — O23 || 2.4546 1.328 — .o18 — .022 
7218 | 655 | — .031 | — .00g || 1.3196 1.377. | — .023 | — .025 
-73309 | .610 | — .032 | — .006 || 1.3242 1.438 + .003 | + .oo1 
0.7469 | 0.575 | —0.020 | +0.012 | 1.3288 1.460 +0.012 | +0.o11 
| 


mag. The light-intensities outside the eclipses were then plotted 


where a is the maximum intensity, 2s the difference in intensity of 
the two sides of the fainter star, 9 the phase angle, and z=€' sin’z, 
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e being the eccentricity of the ellipsoidal stars. Approximate values 
of the constants were found to be 


a=0.980, $=0.026, $Z=0.140. 
A correction by least squares gave 
a=0.9808, $=0.0247, } Z=0.1434 , 


which reduced the sum of the squares of the residuals from 119 to 


a-—v 
Mag. 


0.4 

















° 0.2 0.4 0.6 0.8 1.0 1.2 1.4 days 


Fic. 1.—Photometric observations and light-curves of TT Aurigae. The dots are 
the Princeton observations by Joy. The heavy curve is computed from the uniform 
elliptical solution derived in this investigation. The light line represents the photo- 
graphic observations of Martin and Plummer; the dot-and-dash curve, Jordan’s photo- 
graphic observations; and the dash curve, Balanowsky’s observations with the Zéllner 
photometer. These curves have been shifted so that the primary minima coincide with 
that observed at Princeton. 


101. The intensities of all the normals were then rectified by the 
formula 
_1+0.025(1-+cos 0)-+0.143 1 cos? 6 


U 
' 0.981-+0.025 





, 


which reduced the intensity at maximum of the rectified curve to 1. 
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The rectified eclipse-curves are different in shape, the secondary 
being distinctly steeper and narrower than the primary, except near 
the top. It was thought that darkening at the limbs of the stars 
might account for this; but in the first solution the difference was 
ignored, only the shape of the primary (which is better defined than 
the secondary) and the two depths being taken into account. The 
resulting elements I appear in Table III, and the residuals O.—C. 
are given in Table II. They might be varied in the direction of 

TABLE III 


PHOTOMETRIC ORBITAL ELEMENTS 


II ale , y 
Uniform Circular | Uniform Elliptical Balanowsky 





| 
| 





e, orbital eccentricity............. 0.00 0.09 | 0.048 
w, longitude of periastron......... eee hore ore, 270° | 262°3 
SE | 87°1 | 88°4 88°3 
ee: a “i 0.90 0.go | 0.84 
r;, longer radius, large star.........| 38 | 36 | . 307 
r2, longer radius, small star........ | 34 32 . 244 
b:, shorter radius, large star*...... . | 32 | «ai | 258 
b,, shorter radius, small star*...... 20 | .27 . 205 
b/r, ellipticity of stars............| 84 . 86 | . 840 
Dent ob large star... 35... eos | .68 66 . 734 
Ly, Rent of small star... 6. ..665, | 0.32 0.34 | 0. 266 
J,/J2, ratio of mean surface bright-| 
ce RS SANDE Joe Ee oe eee 1.68 1.56 1.95 
2s, difference in intensity of two sides| 
OR eee | 0.05 | 0.05 Je ert en 
PEUMATY CCUDBE . 55. ivi es sie ce eee | Partial, ao= Grazing, an- | Annular 
0.975, small nular 
star in front 





* Disregarding polar flattening (Contributions from Princeton Unitersily Observatory, No. 3, 116, 1915). 
closer equality of diameters and a slightly smaller inclination by 
favoring the curve of the secondary minimum at the expense of that 
of the primary, but the possible changes would be small. A second 
solution, attempting to account for the discrepancy in shape by 
introducing darkening at the limb, was unsuccessful; no set of ele- 
ments could be found which came near to reproducing the curve 
forms of both minima. 

It was therefore decided to introduce eccentricity into the orbit. 
The secondary minimum is midway between primary minima, but 
the observations indicate that it is of shorter duration. Hence, peri- 
astron must occur at the time of secondary minimum. The spectro- 
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scopic observations are not inconsistent with a small eccentricity 
with the line of apsides perpendicular to the line of nodes, but on 
account of the quality of the spectrum it appears impossible to de- 
termine the amount of the eccentricity from these observations. A 
few approximations show that except at the shoulders of the curve, 
which are poorly defined anyway, an orbital eccentricity around 
0.09, with periastron at secondary (270° long.), would give a much 
better fit for secondary minimum than the circular elements, and 
an equally good fit for primary minimum. The adopted solution 
gave elements II in Table III and the residuals O.—C’. of Table II. 
For the whole series of observations the probable error of a normal 
place (eight observations) is 0.015 mag. and that of a single observa- 
tion of average weight (3.9) is 0.043 mag. These values are of the 
same order as have been found by Dugan and others who have used 
the Princeton photometer and similar methods of solution. 

It is instructive to compare these elements with those of Bala- 
nowsky (also in Table III). His smaller orbital eccentricity was ob- 
tained not from the width of his secondary minimum, but from the 
maximal and minimal points of his observed curve, reflection effect 
being neglected; but his secondary minimum, though not very defi- 
nite in shape, is perceptibly narrower than his primary. His ob- 
served ranges of variation are very close to those of Joy, but his 
minima are a little narrower and he used a larger value of z, thus 
obtaining smaller rectified ranges and smaller and more unequal 
stars. The observed strength of the lines of the secondary star 
in the spectrograms favors the results found here. However, the 
general resemblance of the two solutions from entirely independ- 
ent sources is satisfactory. The shape of primary minimum and the 
depths fix k, r, and 7 fairly definitely. Darkened elements are less 
satisfactory and are not given. 

Unfortunately, the two published photographic curves are at 
variance with the visual curves and with each other, as is apparent 
from Figure 1. Martin and Plummer’s primary minimum is steep 
with a flat bottom, while Jordan’s is narrower, more pointed, and 
asymmetrical. Joy, Balanowsky, and Martin and Plummer agree 
fairly well on the form of the curve outside eclipse and on the depths 
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of minima; but Jordan’s curve outside eclipse is much flatter 
than the others, and his secondary minimum 25 per cent shal- 
lower. 


III. SPECTROGRAPHIC OBSERVATIONS AND ORBIT 


From 1917 to 1930 thirty-two spectrograms of TT Aurigae were 
obtained by Joy at Mount Wilson as listed in Table IV. The spec- 
tral type of the brighter star is B3. The lines are so wide and in- 
definite that it is nearly impossible to measure them with any accu- 
racy. The rotational effect from limb to limb is 340 km/sec. The 
spectrum of the companion is clearly present at the time of maxi- 
mum separation of the lines and is about one-half as strong as that 
of the primary. It seems to be similar in type to that of the principal 
star. Spectrogram C 5392 was exposed during primary eclipse es- 
pecially to show the spectrum of the fainter star, but no difference 
in type could be detected when the spectra of the two stars were 
compared. The eclipse, however, is not total. Since only 80 per 
cent of the brighter star is covered at maximum of eclipse, its light 
may mask that of the smaller star to some extent. 

The H and K lines of both components are faint, but are visible 
under the best conditions. They have been measured on nine of the 
plates. 

The lines of interstellar calcium are present in fair strength and 
can be accurately measured on plates correctly exposed. Velocities 
from these lines, reduced to the sun, and their weights are given in 
the last two columns of Table IV. The weighted mean velocity for 
the interstellar calcium lines measured on eighteen plates is +4.3 
km/sec., which is approximately the value, with reversed sign, of 
the solar motion (7.0 km/sec.) in that direction. 

The measures are plotted in Figure 2. The smaller circles repre- 
sent the primary and the larger the secondary. The velocities of 
stationary H and K are represented by crosses. The curve is drawn 
on the basis of a circular orbit. 

No attempt was made to distribute the observations over the 
whole of the velocity-curve but rather to confine them to times of 
maximum in order to determine the range and masses of the com- 
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TABLE IV 


SPECTROGRAPHIC OBSERVATIONS 


| NTERSTELLA 
| VELOCITY I spinning 
| 





| CALCIUM 
PLATE J.D. 242+ | PHASE | ee Cee ee en 
| | Primary | Secondary] Wt. |HandK| Wt. 
| Days | km/sec. km/sec. km/sec. 
C6208 cis 6058.774. | -0:007 |...:.-.: + 5 I +16.1 2 
va, [ee 1267.658 .O81 | —II4 +112 a Peper rd cote dene) 
OF 60) ae 4123 .854 .232 | —188 +181 I + 9.5 4 
MORAR. 6... 3 1595.754 | .324] —183 +245 2 —11.1 I 
SOR so 1944.93 | .325 | —184 +218 ee) Ee. ee hee 
CFIA ee ks 2360.743 | -326.| — 169 +245 MOE PRA rie re 
SAY, «2 | 4571.750 | .330| —176 | +215 I +11.2 2 
y 6439......| 1567.772 |  .330 | —170 | +226 3 —14.4 
6720......| 1655.730 -334 | —154 | +256 RB  beetwcnsubons 
og | aera ae | 2268.797 | .338 | —187 +277 2 + 5.0 3 
2000. «2... P @iaeera | cake oe ete ai aiaeae ee fentee cies +12.4 2 
ee 2597.993 | .349| —174 | +303 I +12.8 2 
a570.....:| 3770-803 | .375 | ~ 22 +253 I + 4.1 2 
2: ae | 4068.022 | Pe | —168 +282 | I +15.1 I 
Sane 2740.642 .396 | —249 +240 | K bess clowenera ee 
SY i | 1270.658 .415 | —228 | +246 fod. eocwtia eee 
C4gag. -.- +. 5192.892 | .419 | —207 | +305 2 a 3 
A iis, «2395.719 | .650 | ae ee Sere ee Mn RES Ut ee, ot 
OOF. os vies 2561.010 | ORB AR Toc ectatens Bo Reisen eileen 
vy 6431...... 1566.794 | ae ee. a rie 2 +13.8 3 
C4500... 2.5.1 §3832837 || .693 | | Sear da B Ys a Ses Breet 
LoS ae | 3769.825 | CE =e 2B Ee cicnce I —18.0 I 
BORG. 6 <i: 4097.878 | -QOIL | +214 — 208 2 + 8.9 4 
ADOD ..<- s' 4834.953 | .985 | +195 | —208 ee Pees © ea 
Oe | 2266.785 | .9gt | +160 | —225 E bs..weoxaceecere mu 
BOAS ec 3135-728 | .993 | +204 — 221 Se SER ek oe 
675.....-.] 2595.973 | 0.994 | +218 — 239 a eee: 
4505..... | 5246.792 | 1.009 | +227 — 265 3 — 2.0 3 
cc ae 6019.793 | 1.026 | +182 | —252 3 + 9.8 4 
Cs 2330.806 | 1.041 | +225 —252 e bLetweseatnoeeees 
9689.0... 3800.819 | 1.051 | +175 | —280 I —17.0 2 
Ne ara 2766.661 1.093 | +183 — 210 I — 1.1 2 


ponents. After weighting and combining the observations, the ele- 


ments 
e= 0.0 (assumed) d; Sin 1= 3,600,000 km 
y= +10.2 km/sec. dz Sin 1= 4,500,000 
K.= 106.8 m, sins i=6.7 © 
K,= 246.1 Mm, Sin3 i= 5.3 


were found. The probable error of a single observation is very large, 
as might be expected from the character of the spectrum. 
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IV. ABSOLUTE DIMENSIONS 
The photometric and spectroscopic results may be combined to 
obtain the absolute dimensions of the system. The primary eclipse 
is produced when the smaller star, which is also less massive and of 
lower surface brightness, passes in front of the larger, more mas- 
km/sec. 
+300 





+200 


+100 


— 100 


— 200 














° 0.2 0.4 0.6 0.8 T.0 1.2 days 


Fic. 2.—Velocity-curve of TT Aurigae. The small and large circles represent the 
observations of the primary and secondary, respectively. The crosses give the radial 
velocities of interstellar calcium relative to the sun. 


sive star. The following values for the circular elements are thus 


determined: 

a,, semi-major axis of primary orbit......... 3,600,000 km 

a, semi-major axis of secondary orbit....... 4,500,000 
a,+d,, semi-major axis of relative orbit......... 8,100,000 

r,, longer radius of large star............... 3,100,000 (4.5 ©) 
r., longer radius of small star............... 2,800,000 (4.0) 
b,, shorter radius of large star.............. 2,600,000 (3.7) 
b,, shorter radius of small star.............. 2,300,000 (3.3) 
Be rr rr 6.70 

We PAASSION TARIUSEAT «cog. c sve oe rics sae eee 3 ‘4 

pu, Gemmity Of TAPE SAT... 66 nce e eens 0.11 © 
Se ee 0.12 

M,, absolute magnitude of large star......... —1.2 mag. 

M,, absolute magnitude of small star......... —0.9 


NS Ee ee ee a 
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The absolute magnitudes are derived from the formula 


M= 5 log r—o.08 . 
The temperatures are taken to be 15,000°. If the temperature of the 
fainter star were assumed to be 12,000° instead of 15,000°, its abso- 
lute magnitude would become —o.4, which would satisfy the light 
ratio of the two stars found in the photometric solution. The paral- 
lax is determined for the brighter star by using the absolute magni- 
tude (—1.2) and apparent magnitude (8.9). An absolute trigono- 
metric parallax of —o%003 has been found at the Yerkes Observa- 
tory." 

The stars are quite normal in every way. The masses and lumi- 
nosities are in fair agreement with Eddington’s mass-luminosity 
relationship. 


Our thanks are especially due to Professor Russell and Professor 
Dugan of Princeton University, through whose interest and en- 
couragement this investigation was begun and finally brought to 
completion. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
August 1930 


t Astronomical Journal, 37, 44, 1926. 














ON THE ORIGIN OF BRIGHT LINES IN SPECTRA 
OF STARS OF CLASS B 
By OTTO STRUVE 
ABSTRACT 


It is found that stars of class B, having widely separated double bright lines are 
characterized by extremely flat and broad absorption lines suggestive of rapid axial 
rotation, of the order of several hundred km/sec. Stars having narrow, single emission 
lines, few in number, show little rotation. 

The suggestion is now offered that rapidly rotating single stars of spectral class B are 
unstable, and form lens-shaped bodies which eject matter at the equator, thus forming 
a nebulous ring which revolves around the star and gives rise to emission lines. The in- 
clination of the star’s axis would then be responsible for the observed range in width of 
the emission lines. 


I. INTRODUCTION 

The appearance of emission lines in spectra of stars of class B has 
not heretofore been satisfactorily explained. It has been recently 
shown by E. A. Milne’ that Sir Arthur Schuster’s work on the effect 
of scattering in a stellar atmosphere does not account for these 
lines. The results of S. Rosseland? are more promising; they seem 
to explain the mechanism responsible for the excitation of bright 
lines. It has, however, not been understood why only certain B-type 
stars show bright lines, while other stars of similar spectral type have 
only absorption lines. 

The observational results? available at present are, briefly, as 
follows: 

1. Bright lines occur in all spectral types, but chiefly at the two 
ends of the spectral sequence. 

2. In the early type stars, bright Ha is the strongest member of 
the Balmer series, and the intensity decreases rapidly toward the 
limit; in the M stars, however, H6 is the strongest. Stars of inter- 
mediate type occasionally show bright borders on the red sides of 
absorption lines of hydrogen (e Aurigae). It is believed that the 


* Monthly Notices of the Royal Astronomical Society, 89, 15, 1928; A. Pannekoek, 
Handbuch der Astrophysik, 3, Part I, 348, 1930. 
2 Astrophysical Journal, 63, 218, 1926. 


3 For more complete summaries see the original papers by P. W. Merrill, R. H. Cur- 
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bright lines in these groups of stars do not have the same origin. 
This paper deals exclusively with the Be stars. 

3. In the early spectral types the greatest number of stars having 
emission lines is found in subdivision B3. The frequency decreases 
rapidly toward the later types, especially after B5. The greatest pro- 
portion of stars having emission lines is found in class O, as is shown 
by Table I, published by the late R. H. Curtiss." 

4. The emission lines in B-type stars may be divided into two 
groups: (a) single bright lines centrally superposed over normal 


TABLE I 
No. of H.D. Emission | 
Class ( atalogue Rie Cease Ratio 
stars 

ES | eee ei oe 55 7 |} 1:8 
1 NE | Se ee eee 1996 136 [ §iag 
OE eee Beton 1604 13 a 
1 eS p pater reece tae 2752 2 ESOE7 
Pee eta Ak oe ae 6320 I 1:6320 


absorption lines; (6) double bright lines symmetrically placed on 
both sides of the normal wave-length. 

5. The widths of the single lines, as well as the distances between 
the components of the double lines, are not the same for all stars; 
in the case of HB they range from about 1 A to more than to A. 
No emission lines are known in B stars that are as narrow as the 
bright lines in the spectra of diffuse gaseous nebulae. 

6. The widths of the emission lines, defined as the distance be- 
tween the steepest outer gradients of emission, show according to 
R. H. Curtiss? a pronounced proportionality to wave-length. The 
width of any hydrogen emission line is given by 


AdX= 6.28 X 107 4(A— 3270) (W — 2.61) + 2.61 , 


where W is the measured width of H8. 
7. The emission lines are frequently subject to change in intensity 
and two distinct types of this variation are discerned: in some stars 


™ Journal of the Royal Astronomical Society of Canada, 20, 23, 1926. 


2 Publications of the Observatory of the University of Michigan, 3, 1, 1923. 
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the total amount of energy in the emission lines changes (Pleione, 
x Draconis); in others the relative intensities of the two bright 
components vary periodically (7 Aquarii), the total energy remain- 
ing approximately constant. The periods are usualiy long—often 
several years in duration. In many cases periods have not yet been 
established. 

8. There are peculiar stars showing rapid changes in the emission 
lines (8 Lyrae, @ Persei); these are usually known to be spectro- 
scopic binaries. 

g. Stars like P Cygni have emission lines with strongly displaced 
absorption lines on their violet sides. These stars are almost cer- 
tainly related to the novae, and will not be discussed in this paper. 

10. The emission lines are usually due to hydrogen. In several 
cases bright lines of ionized iron and of other elements have also 
been observed. 

11. According to B. P. Gerasimovic' and to R. H. Curtiss,’ the 
Be stars are more luminous than the normal B’s. This is supported 
by the fact that the interstellar Ca 1 lines in Be stars are, on the 
average, abnormally strong.’ Great luminosity probably implies also 
great mass. 

II. NEW OBSERVATIONAL RESULTS 

The most outstanding fact about the bright-line stars is that they 
form a group running parallel to the normal sequence of stellar 
spectra. But the theory of ionization accounts so satisfactorily for 
even small changes in the intensities of stellar absorption lines that 
the occurrence or non-occurrence of bright lines must be attributed 
to real structural differences among the stars, and not to changes 
in the conditions of excitation. In analogy with the novae and with 
the Wolf-Rayet stars, it is natural to attribute the bright lines to an 
outer gaseous envelope, or nebula.‘ But in the novae the nebulous 
material is receding from the star, as has been proved by direct ob- 
servation in the case of Nova Aquilae 1918.5 The much greater 

* Harvard College Observatory, Bull. 849, p. 8, 1927. 

2 Journal of the Royal Astronomical Society of Canada, 20, 35, 1926. 

3Q. Struve, Astrophysical Journal, 67, 376, 1928. 

4C.S. Beals, Monthly Notices of the Royal Astronomical Society, go, 202, 1929; D. H. 
Menzel, Publications of the Astronomical Society of the Pacific, 41, 344, 1929. 

5s E. P. Hubble and J. C. Duncan, Popular Astronomy, 38, 598, 1930. 
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stability of the phenomena observed in Be stars and especially the 
absence of absorption on the violet sides of the emission lines sug- 
gest that the nebula in a Be star is a permanent feature in approxi- 
mate stability. But why do not all B stars have such nebulae around 
them? The answer is found, it seems to me, in the spectra of the 
Be stars. 

In Table II are listed the majority of the known or suspected Be 
stars for which spectrograms are available in the collection of the 
Yerkes Observatory. The last column contains a brief description 
of the emission lines. Column 6 gives an estimate of the width of the 
ordinary stellar absorption lines other than those of hydrogen. 
Number to designates, on an arbitrary scale, a star with extremely 
“dish-shaped” absorption lines, which are so nebulous that they 
can hardly be seen; 5 denotes a line corresponding to an average 
equatorial rotation of 60-70 km/sec. Perfectly sharp lines are de- 
noted by o. From our former studies of stellar spectra it is known 
that ‘‘dish-shapedness”’ is a criterion of axial rotation, measuring the 
component, in the line of sight, of the equatorial velocity of the 
star’s rotation. For this reason column 6 is headed ‘‘Rotation.” 

It is at once apparent that the majority of these stars rotate rapid- 
ly. Excessive rotations, estimated at 9 or 10 (believed to correspond 
to components in the line of sight of 250 km/sec. or more), are fre- 
quent. Apparently bright lines occur preferentially in stars having 
rapid axial rotation. 

Rotations of 5 or less are invariably associated with narrow emis- 
sion lines. In Table III, I have grouped the stars roughly according 
to the widths of the emission lines. It is again clear that the narrow 
emission lines are associated with comparatively small rotational 
components. 

This result is further substantiated by Table IV, in which I have 
listed all stars for which R. H. Curtiss' has measured the widths of 
the emission lines. 

Finally in Table V are Merrill’s observations.? All stars showing 
double bright 8 are classified by him as having ‘‘nebulous” ab- 
sorption lines, and the only two stars with “sharp” lines have single 


1 Publications of the Observatory of the University of Michigan, 3, 1, 1923. 


2 Merrill, Humason, and Burwell, Astrophysical Journal, 61, 389, 1925. 









Star 
277 Cass..... 
54@ Per 
1 Hev. Cam. 
v Persei 
17 Tauri 
23 d Tauri 
Oe ty rr 
27 f Tauri 
48 c Persei 
9 Camelop 
11 Camelop 
25 Orionis. 
120 Tauri 
43 6? Orionis 
123 ¢ Tauri 
47 w Orionis 
62 x? Orionis 
—6° 1391 Monoc.. . 
—11° 1460 Mon...... 6: 
18 »y Gemin ; 6: 
11 8 Monoc. A 6 
11 8B Monoc. B 6: 
11 B Monoc. C 
28 w Can. Maj. 7 
Ce |) ee q: 
oe i. | 12: 
7 x Ophiuchi 16: 
10 B Lyrae 18: 
46 v Sagittar. IQ: 
39 x Aquilae 19 
28 b? Cygni 20: 
oe i ne 20: 
54 A Cygni Sie doe 
+46° 3111 Cygni..... 20:5 
59 f« Cygni 20 
60 Cygni 20 
66 v Cygni 21 
6 Cephei 21 
39 € Capricor. 21 
9 Cephei. ate | ats: 
+56° 2617 Cephei.. . a8 
31 o Aquarii. 21 
31 Pegasi : 22 
52 m Aquarii... 22 
e Pisc. Austr... . 22 
re.) ne 22 
S Lacertae, ....... 22 
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TABLE II 
List oF Bre STARS 


| Rota- 
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Description of Bright HB 








| Mag. Sp. 
cx} 2.2 |) Wp 
| 1 | 
II 4.2 | Bop Io 
117 4.8 | B3p 
Sax 4.3 Bsp 
748 3.8 | Bs 
38 4.2 | Bs | 10 
748] 3.0 Bs | 
745 3.8 B8p 
27} 4.0 B3p 
:10 4.4 Bo 
50 c8 B3p | 
15 1.7 B3p 
29 5-5 B3p 
:29 sa | “0 
105 3.0 B3 
:04 1.5 B3p 
:08 4.7 Bap 
742 5.1 Bap 
744, 5.5° | Bap 
117 ccx- 1 es 
58 ¢.7 | Bsp 
58 5.2 B3p | 
58} 5.7 | B3p_ | 
35] 3.8 B3p_ | 
29 re B8 > 
ao} 3.9 | Bsp | 
14 4.8 | B3p | 
15 Var Bap 
08 4.4 De al See 
| F2p | 
ee 5.0 | Bo eee 
733 4.8 | Ba 
743 1.9 | B4p 
:08 1.6 Bs 
102 5-9 | B8p 
708 4.9 Bop 
746 5.2 | B3 
29 4.4 | B3p 
27 5.2 B3p 
54] 4-7 | Bsp 
38 4.9 | Bap 
02 5.6 | O6es 
38 4-7 | Bsp IO 
42 4-9 B3p 
52) 4.6 Bip 10 
34] 4.2 | Sl, See 
17 4.6 Bsp 
07/ 5.4 | B3p 
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TABLE III 


Nnviwn 
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NOunx 
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Very broad single, with central 


absorption 
Broad double 
Broad double 
Broad double 
No bright lines on our plates 
Broad double 
Broad double, but very faint 
No bright lines on our plates 
Narrow single 
Emission hardly visible in 78 
Narrow single 
Double 
Broad double; pocr plate 


| Orion nebula 


Broad double 

Very faint double 

No bright lines on our plates 
Double 

Very broad single 


| Two very faint bright compo- 


nents far apart 
Broad double, strong 
Narrow double 
Broad double 
Narrow single 
Two faint components far apart 
Narrow double 
Narrow single 
Peculiar—omitted 
Composite—omitted 


Probably not bright 

Double 

Peculiar, nova—omitted 

Not bright on our plates 

Very narrow double; only one 
plate—uncertain 

Unequal broad double 

Broad double, faint 

Rather narrow single 

Very narrow double 

Peculiar double bright; He and 
Mg give rotation 7, but many 
metallic lines give rotation o 

Not bright on our plates 

Not bright on our plates 

Very broad double 

Single 

Broad double 

Not bright on our plates 

Very narrow single 


| Average single 














Group | Width of Emission Lines No. Rotation 
(ae ede | Double, very broad 15 8.5 
1 RNS Spee | Double, average and single, 
very broad 7 7 Be 

BO cco Double, narrow and single, 
| average 6 5.3 
AY 2c Gabe | Single, very narrow 6 3.7 














ORIGIN OF BRIGHT LINES B STARS 99 


emission lines. In the Mount Wilson classification for normal stars" 
the proportion of ‘‘n” to “s,” in the range Bo-Bs, is about 2 to 1. 
The preponderance of rapid rotation, especially among stars with 
double emission lines, is therefore well substantiated. 

It is reasonable to suppose that the correlation between width 
of emission and degree of rotation depends upon the inclination of 


TABLE IV 





Star Rotation Width of 7g 
BE ie ies cate sretevnias wind 9 10.5A 
Wy POEUN occ ass orietcerhdaway ets 10 ros 
Se ee ern 10 7.0 
PuBlOGe CAMs «5 ie wisn ceioraneen 7 6.5 
PUNTO og tire oa Ordeal ear 7 6.5 
GON oan wks oo Bale cre 9 6.0 
Sy a ee ee ere 9 6.0 
MMR oie o..0 ab & avid. dire te 8 5.0 
es AMER 8 Sos! 35.5) shes alclotars rene fe) 5.0 
OS) S| Re a ey ee 5 4.0 
BP IBOMAIINS 55 oh osiois acc ocmcale'e I oe 
PT CAMGWOD ss. 25 i <: cose as 2 1.0 
TABLE V 
Single Bright | Double Bright 
Hp 1p 
No. of stars accord-f{ te 5 8 
ing to Merrill | ve 2 ° 


the axis. Apparently rapid axial rotation sponsors the occurrence 
of wide emission lines. When the inclination is close to zero, the 
emission lines appear narrow. 

This interpretation is also in agreement with the relative frequen- 
cies of the rotational components in Table II. Large values pre- 
dominate. This, of course, is what would be expected. The proba- 
bility of an inclination between i, and 7, is proportional to (cos 7,— 
cos 72). This readily explains the predominance of large values in 


column 6 of Table IT. 


* Adams and Joy, tbid., 57, 294, 1923. 
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III. DISCUSSION 


Our observational result, that all stars with broad double emis- 
sion lines show “‘dish-shaped” absorption lines of extreme flatness, 
suggests that the two phenomena are related; rapid rotation seems 
to be prerequisite to the appearance of bright lines. Ina former paper' 
I have shown that there are single stars which have such enormous 
rotational velocities that they are in danger of becoming unstable. 
Just what happens if a star does become unstable because of exces- 
sive angular momentum we do not know. Fission, if it occurs at all, 
is one means of relieving the system of its excess of momentum. 
But there is another possibility. Sir James Jeans has shown that 
under certain conditions a rapidly rotating gaseous body may be- 
come lens shaped and throw off matter at its sharp equatorial edge.’ 
It is therefore reasonable to expect that B stars in extremely rapid 
rotation will eject gaseous matter at the equator. A gaseous ring 
will be formed and the system will resemble in appearance the planet 
Saturn. The ring will consist of separate atoms which revolve 
around the central body according to the law of gravitation. 

It should be noted that radiation pressure will make the star even 
more unstable than purely mechanical considerations would indi- 
cate.3 Selective radiation pressure—which alone would come into 
consideration—acts differently upon different elements, and may 
explain the predominance of hydrogen and ionized iron in the bright- 
line spectrum. 

If the inclination of the nebulous ring revolving around the star 
is go° we observe two bright components superposed upon the nor- 
mal stellar absorption line. In order to obtain an idea of the theo- 
retical contour of the emission line, we proceed in the following man- 
ner. If the inclination of the ring is 7, and the orbital velocity within 
the ring is v, and if, furthermore, the ring is sufficiently thin to 
permit us to neglect the difference of v between inner and outer cir- 
cumference, then the radial velocity at any point is 


p=vsinisiné, 


t [bid., 72, 1, 1930. 
2 Astronomy and Cosmogony, p. 257, 1928. 


3 I am indebted for this idea to Dr. Edison Pettit. 
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where @ is the angle at the star between the line of sight and the 
direction toward the point. From two points we have 








° Pr : P2 
6,—6,=arc sin —— }—arc sin eh, 
v sin 1/ v sin 1 


\ 


We make the steps (p,, —p,,-:) sufficiently small to consider all atoms 
between 6, and 6,_, as having the same velocity of (p,-+pn—1)/2. 
Then the intensity at this point is const. (0,—6@,). Since our ring is 




















—- ° +p 


Fic. 1.—Simplified theoretical contour of emission lines in Be stars 


circular, each value of C. (0,—6.) occurs twice (neglecting self-ab- 
sorption). But the star obstructs a portion of the ring, and this 
causes a sudden break in the contour (Fig. 1). Furthermore, in real- 
ity the velocities of the atoms depend upon the distance from the 
center of the star, and this will tend to make the curve somewhat 
smoother. As p is approximately proportional to \, the resulting 
curve is identical with the contour. Since the contour is materially 
affected by the thickness of the ring, its extent in latitude and in 
distance, and by the size of the star, a considerable variety of curves 
may be constructed. But all of them share the property that the 
outer edges of the emission lines measure the components in the 
line of sight of the rotational velocity of the ring. 
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If the inclination is 0°, the ring shows no velocity displacements, 
and we observe a narrow, bright line. The fact that a perfectly nar- 
row single emission line has not as yet been observed is quite in 
agreement with expectations, since the probability is very small 
that the inclination would be very close to o. As a matter of fact, 
only one out of the thirty-four stars of Table III would be expected 
to have 75°<i<go’. If the equatorial velocity necessary for the 
formation of the nebulous ring is about 250 km/sec., the observed 
component of rotation for this one star would be of the order of 35 
km/sec. 

But if excessive angular momentum is relieved by the equatorial 
ejection of matter, it is not probable that fission could also occur. 
Why should some stars go into fission while others eject matter 
equatorially? There is doubtless an intimate relationship between 
close spectroscopic binaries and rapidly rotating single stars (a 
Virginis and 7 Urs. Maj.).‘ A solution may perhaps be found in 
the following ideas suggested by W. D. MacMillan.? Suppose that 
a binary star grows in mass and that the distance between the 
components diminishes. Such a growth might perhaps result from 
the gradual accumulation in the star of diffuse matter in interstellar 
space. Recent computations by Markowitz (unpublished) show 
that if two components of a double star were joined together, the 
resulting body would in many cases be unstable. A star with ex- 
tremely rapid rotation would result, and the excess of momentum 
would be relieved by the formation of a nebulous ring. According 
to MacMillan, the smaller of the two stars would be distributed in 
a ring around the larger and would result in a short time in a very 
oblate or lens-shaped star, in very rapid rotation. This hypothesis 
virtually reverses the direction of the phenomena usually attributed 
to fission. Unfortunately there seems at present to be no way to 
establish this direction by observation. 

In conclusion it may be pointed out that our explanation of thé 
origin of bright lines in the spectra of B-type stars is in good agree- 
ment with the observational results summarized in Section I of this 

t Astrophysical Journal, 72, 1, 1930. 

2 I am indebted to Professor MacMillan for helpful discussions of this problem. 


3 W. D. MacMillan, American Mathematical Monthly, 26, 326, 19109. 
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paper. If the width of an emission line is due to Doppler effect, it 
should be proportional to the wave-length 
v-sin 7 


AX=X C = const X.. 


The empirical equation found by Curtiss has the form 
AX=Ci-A+C, . 


The proportionality with wave-length is actually present. The sec- 
ond constant in the formula of Curtiss means merely that at \ 3270 
all stars would have the same line width, approximately 2.6 A. But 
in nearly all stars Curtiss measured only as far toward the violet 
as H6 and in only one star as far as Hv. The formula therefore repre- 
sents an extrapolation. It is probable that the limited resolving 
power of the spectrograph and perhaps also the weakening of the 
lines toward higher numbers of the series are responsible for the 
value of C, which, theoretically, would have been o. 

The fact that the emission lines vary in intensity is perhaps an 
indication that the emitting body is not a very stable one. If the 
orbits of the individual atoms in the ring are elliptical instead of 
circular, the intensities of the two components would not necessarily 
be the same. Nor would the components be spaced symmetrically 
on both sides of the normal wave-length. It is conceivable that rota- 
tion of the line of apsides of the elliptical orbits might cause a pe- 
riodic variation in the relative intensities of the two bright com- 
ponents. 

The distribution of intensities along the Balmer series has not 
yet been accurately investigated by the application of modern spec- 
tro-photometric methods. But qualitatively, at least, the rapid de- 
cline in intensity from bright Ha toward the higher members of the 
Balmer series agrees well with laboratory results and with theoreti- 
cal considerations. 


YERKES OBSERVATORY 
December 17, 1930 








STUDIES IN PECULIAR STELLAR SPECTRA 
I. THE MANGANESE LINES IN a ANDROMEDAE 
By W. W. MORGAN 
ABSTRACT 


The strong lines of ionized manganese which in the past have been observed only in 
the spectrum of a Andromedae have been found in thirteen other stars of spectral classes 
Bs—Ao. It is fairly certain that the stage of ionization is the second (Mn 111). In the light 
of the present observations the behavior of ionized manganese in stellar spectra seems to 
be entirely normal. 


1. The predictions of the general theory of ionization, developed 
by M. N. Saha, R. H. Fowler, E. A. Milne, and others, are usually 
so closely in accordance with observation in stellar spectra that it is 
of some importance to determine whether the few apparently anom- 
alous cases reported by various observers are real. As it now seems 
fairly certain that the stars in general have about the same relative 
abundance of the different elements, those stars which do not fit 
into the two-dimensional scale of temperature and pressure are of 
especial interest. Among the early A stars there are several groups 
which have seemed at one time or another not to be in accordance 
with the ionization theory. These are: (1) the c-stars, or super- 
giants; (2) stars in which the $7 11 doublet 4128 and 4131 is strong; 
(3) stars in which the ultimate Sr m lines 4077 and 4215 are of con- 
siderable intensity; (4) 12 a? Canum Venaticorum; (5) stars which re- 
semble 37 6 Aurigae; (6) 21 a Andromedae. All representatives of 
the foregoing groups which have been classified in the Henry Draper 
Catalogue are designated as peculiar. 

A few supergiant stars in the range Ao—A5 which have very nar- 
row, deep lines were formerly supposed to be in a small class by 
themselves. It is now thought, however, that their spectra fit in the 
ordinary scale of temperature. The increased intensity of the lines 
can be accounted for on the basis of thermal ionization. 

The great strength of the Sz 1 doublet 4128 and 4131 was former- 
ly considered to be anomalous. It now seems that singly ionized 
silicon reaches a normal maximum at Ao and that the intensities of 
its lines are normal. The problem has, however, not as yet been 


fully investigated. 
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There are a few A-type stars in which the Sr ir lines 4077 and 
4215 are very strong. As these lines normally reach their maximum 
at about Ks, they should be weak, if present at all, in A stars. 
The lines are very sensitive to changes in absolute magnitude as 
they become much stronger on passing from dwarfs to giants. This 
effect of absolute magnitude will possibly explain the apparently 
abnormal intensities in some A stars. 

The spectrum of 12 a? Canum Venaticorum was found in 1900 by 
Sir Norman Lockyer and F. E. Baxandall' to contain a large number 
of strange, unidentified lines. Many of these lines were later identi- 
fied by Baxandall? as being due to the rare earth europium. C. C. 
Kiess later provisionally identified a number of the other lines as 
being due to terbium. The spectrum of 12 a? Canum Venaticorum 
has also been studied by H. Ludendorff,* A. Belopolsky,’ Miss C. 
Anger,° and by A. Markov.’ The spectrum of 36 7? Eridani was de- 
scribed by O. Struve and C. Hujer® as being similar to that of a? 
Canum Venaticorum. 

Lockyer and Baxandall’ also announced in the spectrum of 37 6 
Aurigae the presence of a number of well-marked lines which they 
were unable to identify. The Henry Draper Catalogue lists a few 
other stars as having spectra similar to that of 37 @ Aurigae. The 
spectrum of 37 @ Aurigae is given by the same authority as Aop. 

Lockyer and Baxandall” gave the positions of a number of strange 
lines in the spectrum of a Andromedae. In a later paper Baxandall" 
identified most of these lines with those in the spark spectrum of 
manganese. This star has heretofore been considered abnormal and 
as almost unique in the intensity of the manganese lines. 

* Proceedings of the Royal Society of London, A, 77, 550, 1906. 

2 Monthly Notices, 74, 32, 1913. 

3 Publications of the Observatory, University of Michigan, 3, 106, 1923. 

4 Astronomische Nachrichten, 173, 1, 1926. 

5 Bulletin de ? Academie Impériale des Sciences de St. Pétersbourg (series vi), '7, 680, 
1913; also Astronomische Nachrichten, 196, 1, 1913, and ibid., 234, 93, 1928. 

6 Astrophysical Journal, 70, 114, 1929. 

7 Ibid., 72, 301, 1930. 

8 [bid., 65, 300, 1927. 

9 Proceedings of the Royal Society of London, A, 77, 550, 1906. 

10 Thid. ™ Monthly Notices, 74, 250, 1914. 
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The stars 12 a? Canum Venaticorum, 37 @ Aurigae, and 21 a 
Andromedae are thus three of the most striking misfits in the ther- 
mal ionization sequence. The present paper is concerned with the 
study of the ionized manganese lines which were first found in a 
Andromedae. It was my purpose to ascertain whether or not the 
presence of these lines is really ‘‘abnormal” from the point of view 
of the modern theory of ionization. 

2. The original discovery, by Lockyer and Baxandall, of a num- 
ber of strong, unidentified lines in the spectrum of a Andromedae 
was made in 1906. The plates taken by them at South Kensington 
seemed to show slight changes in the relative intensity, position, and 
definition of some of the lines. In Lockyer’s system of spectral 
classification, a Andromedae was placed in the ‘“‘Markabian”’ group 
for which 54 a Pegasi is the standard star, located midway between 
Sirius (Ao) and Algol (B8). Because of the strength of the helium 
lines, a Andromedae was placed closer to Algol in temperature than 
to Sirius. The most prominent of the strange lines were at AX 3943.8, 
3984.0, 4136.9, 4206.3, and 4282.4 IA. In 1913 Baxandall identified 
these lines, with the exception of 3984.0, with enhanced lines in the 
spectrum of manganese. Many other fainter lines were also found 
to be due to the same source. Attention was called to the fact that 
the relative intensities of the lines are not the same as in the labora- 
tory. The line showing the greatest inconsistency was at 4344.04, 
which is of intensity 8 in the laboratory. In a Andromedae the lines 
3943.78, 4137.01, 4206.41, and 4325.67 are all much stronger than 
4344.04. The explanation given is that the difference in relative in- 
tensity is probably due to different conditions in the star from those 
in the laboratory. It does not seem necessary, however, to use this 
explanation, because the line 4344.04 occurs in the wing of Hy at 
4340 and for this reason is certainly greatly weakened.’ A list was 
given of six lines in the spectrum of 50 a Cygni and of six lines in 9 a 
Canis Majoris which were possibly due wholly or in part to “‘proto- 
manganese.” 

t The weakening of lines in the wings of the very broad hydrogen lines is due to the 
increased opacity of the stellar material due to absorption by hydrogen. In a wave- 
length in the wing of a Balmer line we do not see as deeply into the reversing layer as 
we do in the continuous spectrum (see Unsild, Struve, and Elvey, Zeitschrift fiir Astro- 
physik, 1, 314, 1930). 
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The spectrum of a Andromedae is given as Aop in the Henry 
Draper Catalogue with the remarks, ““The spectrum is very peculiar. 
It resembles Class Ao in respect to the hydrogen and calcium lines, 
while lines 4026.2, 4267.4, and 4471.5 are of the same intensity as in 
Class B8. Several strong solar lines are present.”” The Henry Draper 
Catalogue contains one other bright star, 5 4 Leporis, which is noted 
as being similar to a Andromedae, but no further details are given. 

The Mount Wilson revision of Rowland’s Preliminary Table of 
Solar Wave-Lengths records a number of lines as being due to Mn 11. 
One multiplet of singly ionized manganese has been picked out by 
M. J. Catalan in the far ultra-violet. This multiplet is well marked 
in the sun. Almost all of the other suggested identifications with 
Mn 11 are marked as questionable. T. Dunham, Jr.,* has listed a few 
lines in the spectrum of 33 a Persei as being possibly partly due to 
Mn. Miss E. T. R. Williams? states that ionized manganese may 
be present in the spectrum of 9 a Delphini. 

If the hydrogen lines and the H and K lines of ionized calcium be 
excluded from consideration, the spectrum of 21 a Andromedae re- 
sembles closely the spectrum of a normal B8 star except for the pres- 
ence of the manganese lines and of a few other unidentified lines. 
The helium lines 4026 and 4472 are well marked; He 4144 and 4387 
are easily visible, and, on the best Yerkes plates, 4121 is certainly 
present, although extremely faint. The singly ionized carbon line 
4267 is equal in intensity to Fe 11 4233. The Sz 11 doublet 4128 and 
4131 is fairly strong. Several of the strongest lines of Fe 11 are pres- 
ent. Between the limits 4000 and 4650 are the following Fe 1 lines: 
4178, 4233, 4303, 4351, 4416, 4508, 4515, 4549, 4555, 4583, and 4629. 
Most of these lines are near the limit of visibility. Except for Mg 11, 
4481, the other singly ionized metals seem to have almost entirely 
disappeared. With the exception of the helium lines and carbon 
4267, the high-temperature lines of type B do not appear. All of the 
lines in the spectrum are slightly diffuse, probably as a result of rota- 
tion of the star. The spectrum is, however, of fair quality. 

Because of the general faintness of the metallic lines and the 
strength of helium, it seemed probable that the most promising place 


* Contributions from the Princeton Observatory, No. 9, 1929. 


2 Harvard Circular, No. 348. 
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to search for other stars containing manganese lines would be in the 
range of classes B5—Ao. During the last thirty years specira of 
practically all B and A stars brighter than magnitude 5.5 and north 
of about — 25° declination have been obtained with the Bruce spec- 
trograph attached to the 40-inch telescope of the Yerkes Observa- 
tory. A search was made through all of the stars of which measur- 
able plates have been obtained in the range B5~—Ao inclusive. Only 
one-prism plates were used, as Yerkes three-prism spectra do not 
extend farther into the violet than about 4300, and almost all of the 
ionized manganese lines are to the violet of this limit. I have exam- 
ined the spectra of 362 stars on an average of about five plates for 
sach star. Besides 21 a Andromedae and 5 u Leporis, 12 other stars 


TABLE I 





wwe No. of Stars Manganese Per Cent 
Spectrum (H.D.) Examined | Stars Mn Stars 
BO ida hetay nack eK 197 4 2.0 
sarin res a5 Bim ecae sew 38 4 10.5 
eee 69 4 5.8 
2 3.4 


were found which definitely showed some or all of the lines of man- 
ganese. Table I gives the number of manganese stars found as com- 
pared to the total number examined in each spectral subdivision. 
The percentages listed in the last column are small, owing, no doubt, 
to the faintness of the manganese lines. Many of the stars examined 
have very broad and hazy lines, believed to be such on account of 
rapid axial rotation of the stars. Since rotation very materially re- 
duces the central intensity of a narrow line, it is clear that such faint 
lines as these of manganese will not be visible in stars with rapid 
rotations. It is therefore more representative to exclude the stars 
with rapid rotations (character of lines ‘““Few, poor’ on the Yerkes 
classification; see Publications of the Yerkes Observatory, 7, Part I, 
and Astrophysical Journal, 64, 1, 1926). The results are shown in 
Table II. 

Table III lists the fourteen stars which show the lines clearly in 
order of right ascension. The last column of the table gives the esti- 
mates of the number and quality of the lines in the spectrum of each 
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star. These estimates were made a number of years ago in connec- 
tion with measures for radial velocity and were used as a criterion of 
the order of accuracy to be expected. The Yerkes plates of 9 a Del- 
phini, although of good quality, do not seem to confirm the presence 
of ionized manganese as suspected by Miss Williams. The spectral 


TABLE II 








No. Stars Less Manganese | Per Cent 
Spectrum (H.D.) “Few, poor” Stars Mn Stars 

ty ORME Oe ere IIo 4 3.6 

Bo 22 4 18.2 

Bs oe nas ey cranae erates 35 4 II.4 

Bhi Saw hackers 35 2 a4 

TABLE III 

Star | a 1900 5 1900 Magnitude a | Character 
21 a Andromedae....... ofo3™ | + 28°32’ 2.2 Aop | Ff 
+59°146 Cassiopeiae.... © 51 +59 50 e.8 Bo Fg 
GOCUIDUIEIS. 5 ocd. excess © 54 —29 54 4.4 Bs Ff 
Coe OC lat aie tats 4 14 +20 55 5.4 B8 Fg 
CaO os a re 5 08 —16 19 2.3 Aop_ | Mf 
i ad Cs er 5 20 +28 31 1.8 B8 | Ff 
20: PAAPIBAR oss 05.6 64 00a 5 53 +37 12 2.7 Aop | Ff 
23 y Canis Majoris...... 6 590 —I5 29 4.1 Bs Fg 
reals (112. a ar 8 44 — 304 5.2 Bo Ff 
96 « Cancti...... ae Q 02 +11 04 Cos B8 | Mf 
20 BOOT 6.66 ok os ne es 14 36 +16 51 4.9 Ao Fg 
Gu Perculis. .......650: 16 00 +46 19 4.6 Bo Fg 
an 3 oo) aa 16 06 +45 12 4.2 Bop Mg 
“fi9e° 40 ed EUTSC. 5 cose 18 33 +33 23 ee B8 Fg 

ABBREVIATIONS: Mg= Many, good Mf= Many, fair 
Fg=Few, good Ff = Few, fair 


lines are extremely broad and diffuse, probably because of a high 
speed of rotation. Other stars not included in Table III are sus- 
pected more or less strongly of containing ionized manganese. In 
some cases the plates are not of sufficiently good quality to permit 
certainty, and in others the lines are so extremely faint that some 
doubt is felt as to their reality. If fine-grain plates were available 
for all the stars from B5 to Ao, numerous others would almost cer- 
tainly be included. Although the range in spectral type of the four- 











110 W. W. MORGAN 


teen stars is from Bs5 to Ao, the actual range in effective excitation 
is very small. Twelve of the fourteen stars contain the helium lines 
4026 and 4472, and in no case is 4472 as strong as Mg 11 4481. As the 
equality of these two lines is one of the criteria for spectral type B8, 
it can be seen how closely the stars are grouped together as far as 
state of excitation is concerned. It is apparent from Table III that 
the percentage of manganese stars is greatest at Bo. In fact, only 
two of the stars, 37 6 Aurigae and 53 Tauri, can really be classed as 
Ao if the evidence of the metallic lines and of the presence of helium 
is used. It is of some interest to note that apart from the rapidly 
rotating stars, the classification of the Ao stars into divisions of 
“many lines” and “few lines” is roughly a separation of stars of lower 
from those of higher temperature. As a rule, the stars which are 
classified ““Mg”’ and “Mf” owe their increased number of lines to 
the appearance of a large number of metallic lines of lower tempera- 
ture, both neutral and ionized. In the ‘‘Fg” and ‘“‘Ff”’ stars, practi- 
cally all of the neutral and weak enhanced lines of iron and titanium 
have disappeared. The Ao stars having few lines form therefore an 
intermediate class between the B8 and Bg stars and Ao. The only 
Ao star found to contain manganese which was classified as having 
many lines is 5 u Leporis, and the reason for its classification as ““Mf” 
is not because the metallic lines are numerous, but because the 
manganese lines themselves are more conspicuous than in any other 
star observed. Several of the stars, such as 5 uw Leporis, 29 7 Bootis, 
and 76 «x Cancri, are, as far as the relative intensities of the spectral 
lines are concerned, almost identical with a Andromedae. 

3. All of the lines attributed to “‘proto-manganese” by Baxandall 
which could be seen on Yerkes plates were measured for wave- 
length. Two plates were measured of a Andromedae, two of u 
Leporis, and one of ¢ Herculis. The two plates of u Leporis cover 
different parts of the spectrum and only two of the lines are dupli- 
cated. Table IV gives the measures of Baxandall and my own meas- 
ures. The columns are: the laboratory wave-lengths determined by 
Lockyer; Lockyer’s laboratory intensities in the arc and spark; 
wave-lengths in a Andromedae (Baxandall); wave-lengths in a An- 
dromedae, uw Leporis, and ¢ Herculis (Morgan); the mean wave- 
lengths (Morgan). There are three manganese lines observed in 
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21 a Andromedae by Baxandall which I did not measure. Two 
of these are outside the region of best definition on Yerkes plates. 
The lines at 4200, 4248, and 4282 were not observed by Exner and 
Haschek in the laboratory, but are all certainly present in a An- 
dromedae. The line at 4300 is given as of intensity 2 in both arc 
and spark, while in Lockyer’s list it is given as of intensity 2 in the 
spark and absent in the arc. There may thus be some doubt as to 


TABLE IV 





INT. | 
LABORA- | | 

LAB. ss ohm. Int. | a AND. | Int.| uw Lep. | Int. | go HER. | Int. | MEAN 

| | 

| | 

Spark! Arc } | 
3043.78 2 ° 3943-71 4 | 3043-74 4 3043-92 | 3-4 | 3043-901 | I 3043 .86 
4000 .05 2 ° 4000 .0O I—2 3900 .93 I-2 A a eieiers ; 39099 .93 
4104 .9O 3 ° 4105 .34 2 4105.14 4 4305.05 | 3-@ bs. -255c 4105.11 
4328.21... 2 ae 4128.11 4-5 | 4128.16 | 5-6 4128.07 7 | 4128.01 | 7 4128.12 
4137.01 3-4 ° 4136.90 3-4 | 4136.88 1-5 4136.89 5 4137 .02 5 | 4136.92 
4200.25. 2 Oo | 4200.70 | I-2 4200.35 2 4200.40 3 ae , | 4200.37 
4206.41 4 © | 4206.46 | 3-4 | 4206.14 5 4206.39 | 5 | 4206.00 2 4206.17 
4242 .30.. 4 © | 4242.35 2 | 4242.46 | 1 4242.50 | 3-4 | wi cuele~ 000 es 
4244.28 I-2 ° 4244.61 I 4244.42 I-2 | | 4244.42 
4247.95. I ° 4247.72 2 4248.03 | 1-2 ; ee ie eae | 4248.03 
4251.71. 5 el ere re oe arn BOS2.44 § S76 Lec 05-023: | eee] 4251.43 
4252.98 5 ° 4253.28 2 4253.10 3 4252.07 | 4 | 4252.79 3 | 4252.99 
4259.20 { ° 4258.87 | 2-3 | 4259.20 3 4289:09 | 4-§ |< 6+. 05 2h. o00) SER OEO 
4282.50... 3 1-2 | 4282.72 | 2-3 | 4282.27 | 3-4 | 4282.35 | 4 4282.37 | 3-4 | 4282.31 
4283 .81.... I ° 4283.89 | 2 (4284.30)|} 2 (4284.32) 3 (4284.17)| 3-4 | (4284.26) 
2200 .30...24 2-3 ° 4292.1! 2-3 4292 .23 2 42C2 .33 3 | 4292.23 I-2 4292.25 
4300.22.... 2 o | 4300.49 | I-2 | 4300.20 | I-2 | 4300.12 3 4300.18 4 | 4300.18 
4320.07 ....+ 5 O | 4326.64 | 3 4320.56 3 4320.75 4 4326.64 4-5 4326.62 
4344.04....| 8 | © | 4343.95 | 2 4344.04 | -97°3 | 4346-37 | 4 Wee cnvives 1343-990 
4348.47. e 1 4348.35 | 2 4348.69 | I-2 | 4348.55 1-2 on 4348 .62 
4305.35 I-2 | oO | 4365.14 I ; ccieed pee PCT Pere Te Pee ey OY 
4478.71.. 2-3 © | 4478.49 | 1-2 | 4478.46 | 1-2 | 4478.49 | 1-2 | 4478.56] 1 | 4478.40 
O75$:74. << 2 <1 | 4755.64 ai AS: ; dca revabcedoebeaxneses 2 haw aele 

4764.75....| 2 ° | 4764.47 | 2 Bi | 
| | | | 


whether it is actually enhanced in the spark. It may be that the 
line observed in a Andromedae is due entirely to 77 11, which has 
a strong line at 4300. Several other manganese lines coincide in posi- 
tion with enhanced metallic lines. There are Cr 11 lines at 4242.37, 
4252.65, and 4284.20; 4343.99 may be blended with 77 11 4344.29. 
The strong Si 11 4128.05 makes it impossible to express an opinion 
on the manganese line in the same position. There is an exceedingly 
faint line at 4136.9 in Sirius which is almost certainly due to neutral 
iron, but it seems impossible that this weak line could contribute 
sensibly to the well-marked manganese line in the same position in 
the hotter stars. The most distinctive of the unblended manganese 
lines are those at 3942.86, 4136.92, 4206.17, and 4326.62. 
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4. Lockyer and Baxandall' measured twenty-four enhanced lines 
in the spark spectrum of manganese. Only two of these lines are 
present in the arc spectrum. The list of Exner and Haschek includes 
a great many more lines, many of which are much stronger in the 
spark than any of the lines measured by Lockyer and Baxandall. It 
seems, therefore, that the conditions of excitation were decidedly 
higher in the apparatus used by the latter. 

The multiplet relationships and successive stages of ionization of 
manganese are not known above the first stage, except for a single 
multiplet of Mn in the far ultra-violet which was picked out by 


TABLE V 


Mn 11 MULTIPLET 














Fuchs | Int. Arc Pl Sun TR a-Cygni Tw E.P 
oe |} 2 | 30 | 3441-983 | 6 | 3442.07 3+ | 1.768 
CO oR. ioe 2 20 3460.327 | 4d? | 3460.33 3— | 1,602 
SAFE MIRO | 5.5.0 s.ves 02 = AP Cd Ce ve 

if | | e) sy c 4 han 
eee 3474.15! £. 3474.14 3 1.825 
Co Ey. ee 2 12 3482.910 | 5d? | 3482.93 3 1.825 
eee 2 10 3488.679 | 4 3488 .67 3 1.840 
BREE ENED fs os 26 5.4 he a0e I 7 3495.836 2 3495.78 2+ | 1.847 
PEG NES s62c 5s acsleale I 3 MOE ATH! sR ne ot 1 Oh ee cetavent 1.825 
I 6 | 3497-539 | 3 3497.55 | 2— | 1.840 
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Catalan. The lines of the multiplet range in wave-length from 
d 3442 to A 3497 and are thus far out of the range of ordinary stellar 
spectrograms. The multiplet is strong in the sun, and there can be 
no doubt that seven strong lines in the ultra-violet spectrum of 50 a 
Cygni measured by W. H. Wright’ and attributed by him to man- 
ganese form the same multiplet of Mn 11 that is present in the sun. 
These lines are all strong in the arc and much enhanced in the 
spark spectrum. Table V gives the data on this multipiet. The col- 
umns are: the laboratory wave-lengths as measured in the arc by 
H. Fuchs; the intensities in arc and spark, as given by Exner and 
Haschek; the wave-lengths in the sun, from the Mount Wilson Revi- 


* Tables of Wave-Lengths of Enhanced Lines, Solar Physics Committee, 1900. 

2 Philosophical Transactions of the Royal Socieiy of London, A, 223, 161, 1922. 
3 Lick Observatory Bulletin, No. 332, 100, 1921. 

4 Zeitschrift fiir Wissenschaftliche Photographie, 14, 239 and 263, 1915. 
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sion; the intensities in the sun on Rowland’s scale; the wave-lengths 
in a Cygni according to Wright (reduced to I.A.); Wright’s inten- 
sities estimated on an arbitrary scale of 1-5; and the excitation po- 
tentials. 

The ionization potential of Fe 1 is 7.83, of Tz 1 is 6.80, and of Mn 1 
is 7.40 volts. The second ionization potentials of these elements are: 
16.5 volts (Fe 11), 13.60 volts (Ti 11), and 15.70 volts (Mn). From 
the strength of the multiplet in the sun and in a Cygni, and also 
from analogy to Fe 1 and 77 11, it would be expected that Mn 
would have its maximum at Fo-F8. Unfortunately, very few stars 
have had their spectra studied so far in the ultra-violet, and no 
maximum of Mn 11 can be determined. It seems almost impossible, 
however, that the manganese lines in a Andromedae can belong to 
the first stage of ionization. The maximum of the lines in a Andro- 
medae is very sharp, and occurs at a temperature of about 12,500°. 
The 77 11 lines have almost if not entirely disappeared, and only 
the strongest half-dozen lines of Fe 1 are still present. Since there 
can be no doubt that the lines are due to manganese in some stage 
of ionization, it seems almost certain that this stage is the second 
(Mn 111). This conclusion is in accordance with the behavior of the 
lines in the laboratory. They are absent in the arc, and are still. 
comparatively weak lines in the spark, unless the excitation is very 
high. The strength in most of the stars of the helium lines 4026 
and 4472, and of the C 1 line, 4267, shows that the effective excita- 
tion must be decidedly higher than in the normal Ao star. If this 
interpretation is correct, it would follow that the third ionization 
potential of manganese, not so far determined from spectroscopic 
analysis, is rather low, hardly more than 20-25 volts. It would be 
of interest to determine this quantity spectroscopically. 

5. In order to determine more accurately the similarities among 
the stars found to contain Mn 1, the intensities of a number of 
characteristic lines were estimated on several good plates of each 
star. The number of plates on which the estimates were made aver- 
aged about three per star. There were at least two plates in every 
case. The estimates were made on an arbitrary scale of 1-10. A line 
of intensity 1 was doubtfully present, while the strongest lines in A 
stars with the exception of the hydrogen lines were classed as of 














II4 W. W. MORGAN 


intensity 10. Plates of a few of the brighter stars had been recently 
obtained here on the fine-grain Eastman Process emulsion on which 
the faint lines appear appreciably stronger than on ordinary fast 
plates. The material was made homogeneous by applying a sys- 
tematic correction to the estimates made on the Process plates. This 
correction was determined by comparing estimates made on process 
and rapid plates of a Andromedae. The lines whose intensities 
were estimated were: (1) the strongest Mn ut lines in a Andro- 
medae; (2) the He 1 lines 4026 and 4472; (3) the Sz 1 lines 4128 and 


TABLE VI 


8 
Mn ut STARS IN ORDER OF RATIO _ 
4472 








Star H.D “ 4026 | 4077 | 4128 | 4130 | 4137 | 4206 | 4215 | 4233 | 4267 
53 Tau IPE RR ane UP Pare “eto wha Ie NE: fal [oP a [to | 3.0 
DS a oh ae eee: 2 7:9 1 981 £8138 } 4.5 |-6.0-[..5. 
uv Her.. mo) 7-6 1.2.9 | 3-3 15-7 15-312. 1403 <0 ke Sy da ee 
SE! ee | 6 tke he ass Sage Rays 22 Ss eee 2.0:| 3.0 
u Lep.. Ao} 4.3 | 3-3 | 3-7 | 7-0 | 7-0 | 4-8 | 4.8 | 3.7 | 5.0 | 4.0 
7! eer JER See eet. Fea ae. oS ee ee Po eee 
ho, ee BO) 326 1 SF 1400: 26577 | 6.0 | 6.0 146.0: 3.43 14:0.) 3.3 
¢ Her. Bo/ 2.8/3.5;1 | 6.8 | 6.3 | 5.0 | 2.0 > en ta: ae Sa es 
Ae res AE A 7 er ee Sear ye. ge © 2 eee | 3-0 | 3.6 
ne ee a ES SESe TE an Ie Ve dal a 6.7: | BO: 5.0 | 4:0:}) 2 A301 353 
vy CMa.. | ESI oe as 2) | S.8 1 £0 | oe 1 8:8 12: Sie) at ak 
ce ree _ df De eS eee ECQeP tes ao Sete er oy eee 
oe ee eat OL ee eee ee ae Jee 26} 9 eee eee ee 
SEE Ge a a 8 ee | 4-0] 4.0] 2.5 | Se crera loci : tes 
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4131; (4) the Sr 1 lines 4077 and 4215; (5) the lines Fe 1 4233, Cu 
4267, and Mg 11 4481. The ratio of the intensities of Mg 11 4481/He 1 
4472 was used to arrange the stars in order of effective excitation. 
The first two stars, 6 Aurigae and 53 Tauri, do not show the helium 
lines, but they would be classed as Ao on the basis of the intensities 
of the metallic lines. Table VI gives the estimated intensities. The 
columns are: the name of the star; the H.D. spectral classification; 
the ratio 4481/4472; and the estimated intensities of the character- 
istic spectral lines. 

The Henry Draper Catalogue classes 53 Tauri as B8, although the 
helium lines seem to be absent. It is probable that the hydrogen 
lines and K were used in the classification. The star was announced 
as a spectroscopic binary by the Lick Observatory and spectral type 
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revised to As5. The spectrum is rather peculiar in that the strongest 
lines of 77 11 are as strong or stronger than Fem. Because of the 
great strength of Mg 11 4481 it does not seem possible to classify the 
spectrum later than Ao. 

The Henry Draper Catalogue classifies 6 Aurigae as peculiar, 
with the following remarks: ‘““The lines 4128.1 and 4131.1 are very 
strong. The line K is very faint.”” The spectrum is more completely 
described in Harvard Annals, 28: ‘‘This star closely resembles 12 
Canum Venaticorum..... It differs from that star only in the 
altered intensity of several faint lines, and the presence of several 
others not seen in 12 Canum Venaticorum.”’ Although the lines 
which make the spectrum distinctive are not the same as those in 
a Andromedae, the stronger Mn m1 lines are certainly present. 

The star 59°146 Cassiopeiae is 8 1099. The component stars are 
6™r and 6™8 and are separated by a distance of 072. They are in 
rapid angular motion. This probably explains why all of the lines 
are systematically fainter than in the other stars. 

Harvard Annals, 28, describes u Leporis as follows: ‘This star 
resembles 21 a Andromedae, so far as can be ascertained from plates 
taken with two prisms.”’ The Mv 11 lines are more strongly marked 
in this star than in any of the others. In spite of the fact that the 
quality of the lines was estimated as ‘Many, fair” by the Yerkes 
observers, they are extremely narrow and deep. The Sr 11 lines, 4077 
and 4215, are well marked. 

The star 26 w Bootis is 2 1864. The magnitudes of the components 
are 4.9 and 6.0, and their distance is 5”8. There is a very slow pro- 
gressive change in position angle. The brighter star is the one which 
contains the Mn 111 lines. The Sr 11 lines are also well marked in this 
star. 

The star ¢ Herculis is noted by Miss Williams' as having a 
spectrum similar to a Andromedae in the strength of the helium 
lines and of K. She states, however, that the manganese lines were 
not seen in this star. The stronger Mv 111 lines are clearly visible on 
all of the Yerkes plates of good quality. The spectral lines are simi- 
lar to 5 w Leporis in their narrowness and depth. 

Miss Williams reclassifies the spectrum of a Andromedae as 
B8.6. Miss Payne? states that the enhanced lines of manganese are 


t Harvard Circular, No. 348. 2 Stellar Atmosphere, p. 172. 
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broadly winged. All of the lines are slightly broadened, probably due 
to rotation, but the manganese lines do not seem to differ in appear- 
ance from the other lines of the same intensity in the spectrum. 
The star a Andromedae is a spectroscopic binary having a period 
of 96.7 days. Only one spectrum is visible. 

The variability in radial velocity of 76 x Cancri was announced 
by Frost and Adams in 1904. The lines were reported to be double. 
All of the principal Mn 1m lines are well marked in this star, includ- 
ing the one situated at 4479, just to the violet of Mg 11 4481. The line 
at 4479 was measured on several plates by Frost and Adams as the 
component of 4481 in the second spectrum. I have re-examined the 
plates on which the double lines were measured. There are no other 
clearly marked duplicities among the other lines, and there seems to 
be some doubt as to whether the spectra of both components are 
visible. The spectrographic orbit has been computed by H. Ichinohe 
using measures of the stronger component exclusively. 

The star +31°3154 Lyrae is Y 2349. As the magnitude of the 
fainter component is 10.7 and as the system is probably only an 
optical one, the companion can have no appreciable effect on the 
spectrum of the brighter star. 

Although, as a rule, the Mn 11 lines are present when the Sz 1 
doublet 4128 and 4131 is strong and when the helium lines 4026 and 
4472 are faint but certainly visible, there are a few stars fulfilling 
the foregoing conditions which do not seem to contain manganese. 
It is well known, however, that the stars cannot be arranged in a 
one-dimensional sequence, and when the general faintness of the 
Mn 11 lines is considered it seems safe to assume that the appear- 
ance of doubly ionized manganese in a normal star of class Bg hav- 
ing lines of good quality is a more or less common phenomenon. 

The parallaxes of all the manganese stars, with the exception of 
a Sculptoris, are included in Schlesinger’s recently published Cata- 
logue of Bright Stars. The parallaxes have been taken from all 
sources, and, as the probable errors are not given, the order of ac- 
curacy of the deduced absolute magnitudes is somewhat uncertain. 
Table VII gives the name of the star, the visual magnitude, the 
parallax from Schlesinger’s Catalogue, and the absolute magnitude 
computed from the parallax. 
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EXAMPLES OF STELLAR SPECTRA 


1) Sirius; (2) ¢ Herculis; (3) « Leporis; (4) a Andromedae; (5) 8 Orionis. The spectra of ¢ Her 
culis, « Leporis, and a Andromedae show the two strongest lines of ionized manganese. Sirius (Ao 
and 6 Orionis (B8), in which ionized manganese is absent, are shown to make clear the narrow limits 


within which the lines occur. 
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The mean absolute magnitude of the thirteen stars is +0.o01. 
This is in almost exact agreement with the mean absolute magnitude 
of stars of spectral class Ao, which is, according to Russell, oMo. 
The manganese stars thus seem to be perfectly normal with respect 
to their absolute magnitudes. 

It seems, therefore, safe to conclude (1) that the stage of ioniza- 
tion of the manganese lines in a Andromedae and in the thirteen 
other stars is the second (Mn 111); (2) that the occurrence of man- 


TABLE VII 


ABSOLUTE MAGNITUDES 
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Star a Par. 

Oe TR or ec baits eta 2.2 o”040 +o.2 
Spe Ge EAG. 5:5 ois. 5. 000/23 2 ¢.6 8 0 
SA EES cis sielelatoince as 5-4 fo) + 4 
DEEN oa els etzleiciniae os 2.4 30 — 7 
BRIGG cis. sssio Sara Ohces 1.8 35 + .5 
OP is cin Bele Oe 2.9 32 + .2 
VME. ie yn 6% ok oe 4.1 12 — .5 
PAC EIVO ses ee teers es 9 .O 
ONO hes eee ATS ae 5.1 8 — 4 
Co A ee ee 4.9 16 + .9 
CRIS iA hetero wo 4.6 II — .2 
WME esha see meron 4.2 15 | + .1 

3: 5.9 7 —0.3 


ganese lines is a normal feature of many stellar spectra of types B8- 
Ao; (3) that the maximum of Mn 11 at Bo is in fair agreement with 
the maxima of other elements having approximately the same ioniza- 
tion potential; (4) that the stars containing Mn 111 are not unusual 
with regard to their absolute magnitudes. 

Plate I shows spectra of three of the manganese stars, with Sirius 
and Rigel added for comparison. 


I wish to express my thanks to Professor Struve for suggesting the 
problem and for advice and suggestions while the work was in prog- 
ress. I wish also to thank Professor Frost for the use of the great 
collection of Yerkes spectrograms and for the opportunity of ob- 
taining additional plates with the 4o-inch telescope. 


WitrAMs Bay, WIs. 
December 5, 1930 
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THE TITANIUM COMPARISON SPECTRUM AS 
A PHOTOMETRIC SCALE 
By PHILIP C. KEENAN 
ABSTRACT 

In order to provide photometric calibration for early stellar spectrograms lacking 
sensitometer exposures the relative intensities of eighteen lines in the Ti comparison s pec- 
trum were determined. Measurements of total absorption of stellar hydrogen lines by means 
of this scale agree within 15 per cent with those obtained by the use of the ordinary sen- 
sitometer curves. 

The practice of impressing a photometric scale on stellar spectro- 
grams was adopted at the Yerkes Observatory in July, 1928. The 
earlier plates, approximately ten thousand in number, lack such a 
scale, but it is highly desirable that photometric measurements be 
extended to them, especially since among the stars represented are 
many with variable hydrogen lines, and also several novae. There- 
fore, it was suggested by Messrs. Struve and Elvey that a method 
of calibration by means of the relative intensities of lines in the com- 
parison spectrum be developed. A similar scale has been worked out 
at Harvard by F.S. Hogg,’ who made use of the theoretical formulae 
to compute the intensities within selected iron multiplets, and ap- 
plied the resulting curve to several slit spectrograms taken at the 
Dominion Astrophysical Observatory. 

It was decided that it would be most feasible to obtain the relative 
intensities of the comparison lines on our plates empirically by meas- 
uring their densities on the newer spectrograms provided with sensi- 
tometer exposures. The sensitometer, which was constructed in our 
shop and was similar to one previously designed and used here by 
Professor Ross, has fourteen circular openings of different known 
areas, illuminated from below by an ordinary electric lamp behind 
a diffusing screen of opal glass. The exposures are arranged in two 
rows parallel to the stellar and comparison spectra, as may be seen 
in Figure 1, a reproduction of two typical plates. 

The spark apparatus used to produce the comparison spectrum on 
all spectrograms taken since 1goo has been described by E. B. Frost 


* Harvard Circular, No. 337, 1929. 
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and W. S. Adams." It is provided with an induction coil to suppress 
the air lines, and has a rotating drum permitting the rapid substitu- 
tion of different pairs of electrodes. Titanium has been employed 
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Fic. 1.—Typical one-prism stellar spectrograms. The difference in contrast between 
the Eastman 40 emulsion (Plate 1R 9525) and the Eastman Process emulsion (Plate 
tR 9315) is conspicuous. 


for all the plates, with the occasional addition of iron, or other ele- 
ments. 

The titanium spark spectrum has, unfortunately, no single multi- 
plet in the photographic region covering the required range of den- 
sity, and consequently it was necessary to make use of several 
multiplets. Lines from as many multiplets as possible were taken in 
order to minimize systematic errors, selection of individual lines 


t Publications of the Yerkes Observatory, 2, 6, 1903. 








120 PHILIP C. KEENAN 


being based on freedom from blends and suitability of density. 
All measurements of density were made with the registering thermo- 
electric microphotometer designed by Mr. Elvey and used for the 
determinations of line contours here. In the operation of the micro- 
photometer there is danger of a vertical shift of the light-beam on 
the thermopile when the star spectrum is placed in position for 
measurement instead of the comparison lines, or vice versa, since 
it is necessary to slide the plate-carrier out of the machine to make 
the change. This source of error may be in great part obviated 
through care in adjusting the position of the image on the second 
and defining slit by means of the cross-wires in the viewing tele- 
scope. 

As arranged for this work, with a magnification of 30 on single- 
prism spectrograms, the speed of recording is approximately 8 A per 
minute in the photographic region, so that it was desirable to restrict 
the range of wave-lengths in order to hold the time of measurement 
to a convenient length. After a number of preliminary tests, eighteen 
titanium lines distributed between d 4338 and \ 4572 were chosen 
and the intensities from twenty-two microphotometer curves aver- 
aged. 

The plates measured were well distributed over the time interval 
from July 22, 1928, to May 9g, 1930, and included some taken in 
winter as well as those of the summer months, since it was sus- 
pected at first that the spark might be sufficiently influenced by the 
extremes of the temperature experienced here, ranging from — 18° C 
to +30° C during the time considered, to change the relative in- 
tensities of the lines, though the complete data later showed no 
evidence of such an effect. 

The data are presented in Table I. The designations of multi- 
plets in the first column and the estimated intensities by A. S. King 
in the third are from H. N. Russell.t Wave-lengths are given in the 
second column, followed by the measured relative magnitudes in the 
fourth. 

The agreement between King’s intensities in the spark and those 
measured here is fair, though considerable variation even within 
multiplets is apparent. The estimated values are too rough to bring 
out any systematic differences due to changes with wave-length of 

t Astrophysical Journal, 66, 283 and 347, 1927. 
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the absorption-curve of the lens and prism system of the spectro- 
graph, but such are known to be appreciable and constitute a definite 
objection to the use of theoretical intensities, which would not be 
applicable unless the instrumental absorption-curve were accurately 
determined. This source of error does not affect the validity of the 
experimental scale, since the same set of lines is to be used for every 
single-prism plate. For the spectrograms taken with two or three 
prisms it would be practically necessary to calibrate a new group of 
TABLE I 


RELATIVE INTENSITIES OF 77 COMPARISON LINES 








Multiplet Line —_[fitensity (Ring)| Magnitude 
lh GRD chp a:t. a5 abe es 4338 A 50 0.41 
34 | Satis ane eae 4344 a 2.390 
33 it aie rey ee ee 4351 I 2.95 
32 Bihsks seo 4307 15 1.48 
29 (| Rn ar ere ener pea 4399 35 I.04 
190 | er eer 4423 10 2.19 
2 Wee ratoe 5 « 4468 50 0.14 
ISI Fe ee Pes oe 4471 20 I.g2 
181 Bi cue chnareta 4481 30 1.43 
181 Poxancteceass 4490 20 2.13 
2 Bieta oes 4501 40 0.21 
172 Be rarest 4512 40 1.32 
172 Perro ease eet 4515 5° I.O1 
172 | SB Re ee 4523 40 | ae 
172 | rng ee are 4527 35 1.360 
172 | Peers wee 4552 35 I.13 
172 Pech wise bss 4555 30 1.34 
22 Bak splitinwiens 4572 50r 0.00 





lines covering a shorter range of wave-lengths and including addi- 
tional lines made available by the increased dispersion. 

In order to test the accuracy of the scale, the contours of Hy in 
85 n Ursae Majoris on two recent plates, 1R 9314 (Eastman process) 
and 1R 9362 (Eastman 4o), as determined by the ordinary sensi- 
tometer scale and by the titanium spectrum, were plotted in Fig- 
ure 2. In both cases the total absorption given by the new method is 
somewhat below that obtained by the normal procedure. However, 
that does not necessarily indicate the presence of systematic errors 
in the scale, for other trial plates have given deviations in the oppo- 
site direction. 

The effect of changed conditions of excitation in the spark on the 
relative intensities of lines in different multiplets is well illustrated 











a2 





in the calibration-curves for 1R 9314, where the six points corre- 
sponding to lines in multiplet 172 of 77 0 are specifically indicated 
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85 » Ursae Majoris. Contours of Hy are on the left. Ordinates represent 


percentage absorption and abscissas wave-length in angstroms from the center of the 
line. Calibration curves are on the right, with deflections in millimeters as ordinates 
and relative intensities in magnitudes as abscissas. Sensitometer curves and the cor- 
responding contours are indicated by circles, titanium calibration curves and contours 


by crosses. 


and show a definite shift to the left of the curve given by the re- 


maining lines, both normal and enhanced. This is the largest shift 
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of the sort observed on any of the test-curves thus far plotted, and 
in most cases the points corresponding to individual lines within a 
given multiplet are scattered about the mean calibration-curve 
given by all the lines. This may be seen from Table II, in which a 
plus sign indicates that the intensity given by the line falls below 
that of the mean curve for the same galvanometer deflection, while 


TABLE II 


SIGN OF RESIDUALS FROM MEAN CALIBRATION-CURVE 


FOR INDIVIDUAL LINES 














be PLATE 1R 
MM ULTI- 
LINE | a aie | : r.. aN ; a : . ee tas | Vaan 
} go80 | 9153 | 9323 9318 9301 | 8978 | 9314 | 9362 
etiam 0s a | 34 o|+i—-— a ee a | — | + 
EMR ie anaes) ais ere | 34 o}| - } — —_ | — set Ki iat: i, 
4351.. | 33 O | rn ie ° - eS oe ae? 
2 ee a 32 + | + | o = | ~ = | —— aa 
MOMS sce Cais stu we lacors | 29 + i= | + —- |} -—- | + | - | + 
MMR Se gx ovules | 190 + | + ° - | + + | + | +. 
MIME! fers: Sehd or Ss 24 + | + + o;}/+]+]-]- 
4471. 181 a ~ ° — | — | o | —- | o 
Eee 181 —- | o | o + | — fae Fae oe 
MRO hak cits | 181 — eh Se + | + | + |...... ° 
Ory er | 24 -_ te? | & — | + &. o | + 
OM 8 scioe 8 cinta | 172 + | —- | + 2 ee ae ot ee te 
7s Se |} 172 -— ft @ | + + | + | + 4 | ee 
Ce a rere) 172 _ o | o + | + | o | + | - 
oS ee | at eS | = i + bee) Ss see tae 
PE eer ere Gee | 172 | 0 | Oo };- eo). ai = + | + 
oe een } 172 | + | 0 } + o | + ° + | o 
i id Be Se ee eed sg ed Le. ie. 


a negative sign corresponds to a residual in the other direction. A 
zero means close agreement with the mean. 

The table shows that the spark potential has been fairly stable 
over a period of several years. Upon this fact and the readiness with 
which systematic shifts can be detected when the curves are drawn 
rests the justification of the use of both arc and spark lines of the 
comparison spectrum of titanium in forming a scale for the calibra- 
tion of a plate. However, the magnitude of the errors, 14 and 133 
per cent in percentage absorption for the two contours shown, indi- 
cates the caution necessary in interpreting photometric data ob- 
tained by its use. 

YERKES OBSERVATORY 
November 22, 1930 
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Notice (for instance, on pages 179-180 of the number for September, 1917). 
This is principally intended to guide contributors regarding the manuscript, 
illustrations, and reprints. This notice contains the following paragraph: 

Where unusual expense is involved in the publication of an article, on account of length, 
tabular matter, or illustrations, arrangements are made whereby the expense is ‘ hared by the 
author or by the institution which he represents, according to a uniform system. 

The present sheet has been printed for amplifying further that paragraph. 

The “uniform system” according to which “‘arrangements are made” is as 
follows: The cost of composition in excess of $50, and of stock, presswork, and 
binding of pages in excess of 40 pages, for any one article shall be paid by the 
author or by the inst’-ution which he represents at the current rates of the 
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without payment by the author. The cost of paper, presswork, and binding for 
each full-page insert is about $8.00, aside from the cost of the halftone itself. 
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assumed, however, that it will seldom be possible for the Journal to bear an 
expense of over $25 for diagrams and text illustrations in any one article. 

Contributors should notice that since January, 1917, it has been impossible 
to supply any free reprints of articles. 

Reprints of articles, with or without covers, will be supplied to authors at 
cost. No reprints can be furnished unless a request for them is received before 
the Journal goes to press. 

Every article in the Astrophysical Journal, however short, is to be preceded 
by an abstract prepared by the author and submitted by him with the manu- 
script. The abstract is intended to serve as an aid to the reader by furnishing 
an index and brief summary or preliminary survey of the contents of the article; 
it should also be suitable for reprinting in an abstract journal so as to make 
a reabstracting of the article unnecessary. For details concerning the prepara- 
tion of abstracts, see page 176 in the September, 1928, number of the Journal. 
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